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1. INTRODUCTION 


he chief aim of this paper is to present a short account of 
he work with which the author has been connected at 
irmingham, but in order to allow readers to see how this 
ts into the general state of knowledge on this subject a 
eview of previous and contemporary work will be included. 

Insulating liquids, particularly oils, have received a con- 
iderable measure of attention during the present century on 
account of their technical importance in electrical engineering. 
A review!) of the earlier part of this period is quite un- 
suggestive of any basic mechanism of electrical breakdown; 
this appears to arise from the fact that experimenters in the 
ain kept closely to the conditions prevailing in electrical 
squipment and were thus concerned with the rupture initiated 
Sy dust particles, water and other impurities rather than by 
the physica! properties of the liquid itself. 

More recently attention has been directed to liquids of 
simple molecular constitution under the best laboratory 
conditions obtainable with the aim of determining an 
“intrinsic” dielectric strength which could be related to 
molecular structure. We shall see that although some 
progress has been made towards this goal the idea of the 
‘intrinsic strength of a liquid may perhaps be illusory. The 
material and surface state of the electrodes appears to play a 
part. 


2. THEORIES OF CONDUCTION 


In spite of the suggestion from earlier work that there was 
no connexion between conduction and breakdown in insulat- 
ing liquids the author and his colleagues felt that, under 
conditions sufficiently approaching the ideal, the explanation 
of breakdown must be bound up with the mechanism of 
‘conduction. An examination of the literature available in 
1946 showed that studies of conduction between metal 
electrodes immersed in simple organic liquids could be 
divided into the following classes: 


(1) Conduction induced by radioactivity.?-# 
(2) Natural conduction. 


(a) at low field strengths (a few kV/cm) 
(b) at high field strengths (above about 100 kV/cm). 


The interest of the first class is that the use of a source of 
ionization provided valuable information, as early as the first 
decade of this century, about the properties of organic liquid 
ions; in particular, the mobilities and recombination coef- 
ficients were ascertained. The more recently-discovered 
properties of liquid argon are not typical of most liquid 
dielectrics and will not be considered here. 

Even in the absence of a source of radiation organic liquids 
exhibited slight conduction which was attributed to ionic 


* Based on a lecture given to the Electronics Group of The 
{nstitute of Physics on 18 December, 1953. 
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Some researches into the electrical conduction and breakdown of 
liquid dielectrics* 
By K. A. Macrapyen, M.Sc., F.Inst.P., Department of Physics, University of Birmingham 


A résumé of work on the subject up to 1946 is given:followed by a brief account of researches 
in the Department of Physics, University of Birmingham. 
contemporary work is included. 


A discussion of some related 


impurities, residual radioactivity and cosmic rays. In many 
cases ions were certainly present without radiation; organic 
substances with dipolar groups in their molecules either dis- 
sociate spontaneously to a sufficient degree to give conduction, 
or promote, by virtue of their high permittivity, the dissocia- 
tion of impurities from the air and other sources. With field 
strengths limited to a few kilovolts per centimetre this type 
of conduction behaves in a manner which can be fairly com- 
pletely understood, though complications are introduced by 
the formation of large ions which are apparently not readily 
discharged at the electrodes.©) The resulting field-distortion 
has been demonstrated with the help of the electro-optical 
Kerr effect.©-7) A great deal of work has been published on 
this type of conduction, which, however, lies outside the 
scope of the present paper. 

When the field is intensified to a hundred or more kilovolts 
per centimetre, samples of non-dissociating liquids such as the 
lower paraffins (hexane, etc.) show a behaviour quite unlike 
that already described. Far from exhibiting saturation as 
would be expected if stray radiation or impurities were the 
cause of conduction, the current increases sharply for com- 
paratively small increments of field strength. Some fairly 
recent measurements on iso-octane by Pao®) are reproduced 


in Fig. 1. This phenomenon has been explained in a great 
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Fig. 1. Curves illustrating natural conduction (B) and 


conduction induced by y-radiation (A) in pure iso-octane 
(after C.-S. Pao) 


variety of ways and it may seem surprising that the evidence 
at present available is insufficient to settle the matter beyond 
doubt. The reason for this uncertainty is that the experi- 
mental data are far from consistent, perhaps because of 
apparently minor differences in experimental technique. The 
same situation exists in the field of breakdown measurements, 
hence, as might be expected, few attempts have been made 
to evolve a theory to cover both conduction and breakdown. 

One of the earliest interpretations of the experimental facts 
of high-field conduction was made by a group at Munich 
following the accepted ideas of discharges in gases. Thus 
Nikuradse®) in 1931 put forward evidence for the view that 
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for a constant field strength the conduction current J could 
be expressed as 
= I, exp (al) (1) 


where / is the electrode separation and « is a constant for the 
liquid and the particular field strength in use. The physical 
picture suggested by this equation is the Townsend régime of 
collision ionization: a current (/,) of electrons leaves the 
cathode and each electron produces « ion-pairs per centi- 
metre of travel in a direction parallel to the field. 

This view of the situation was the basis of much work 
during the period 1930-1940 and although experimental con- 
firmation was not always entirely satisfactory, the hypothesis 
was retained. It was attacked, curiously enough, by a 
member of the same group of workers. K. H. Reiss,“@® in 
1937, repudiated the idea of collision ionization and sub- 
stituted a theory of field-assisted spontaneous ionic dis- 
sociation of molecular impurities, rather on the lines of 
Onsager’s treatment of the non-Ohmic behaviour of weak 
electrolytes. The author, however, later withdrew this 
interpretation of his results.) 

Independently of this attack on the collision ionization 
theory an entirely new view of high-field conduction came at 
about the same time from Baker and Boltz,“2) who published 
results suggesting that the current was in fact thermionic 
emission from the cathode, the work function having been 
reduced by the presence of the liquid (toluene) sufficiently to 
make this possible at room temperature. The possibility of 
collision ionization was rejected. Their experiments were 
repeated, with some improvements in technique and inter- 
pretation, by LePage and DuBridge,“») and by Dornte,“% 
but the idea that conduction current was identical with 
cathode emission remained. Unfortunately none of these 
experimenters used apparatus in which the electrode separation 
could be varied whilst keeping other things constant, so the 
question of the existence of collision ionization and of the 
consequent possible amplification of the emission currents 
by ionization remained undecided. 

This view of high-field conduction was in turn attacked by 
Plumley“>) who cast doubt on the purity of the liquids used. 
As a result of his own experiments,“ which were charac- 
terized. by extreme rigour in cleansing and de-gassing, he 
advanced a theory of field-assisted ionic dissociation, but, 
unlike Reiss, he postulated that the molecules of the liquid 
itself (not those of an impurity) were dissociated. In view, 
however, of the high energy (about 10 eV) required to pro- 
duce an ion-pair in this way it is hard to account for the 
observed currents at low field-strengths even though the 
rate of rise of current with field strength can be approximately 
explained on this theory. Although different electrode- 
separations were used the measurements exhibit such a large 
scatter that they cannot be regarded as evidence either for or 
against the collision-ionization theory. Incidentally, large 
scatter seems to be associated with extremely rigorous 
cleansing, as we shall see later in breakdown experiments. 
It is possible that the crystallization of the electrode surfaces 
resulting from intense heating in a vacuum may be 
responsible. 

Plumley’s theory received nominal support from Pao,®) 
though an examination of his paper shows a number of points 
of divergence from the theory. The range of field strength 
covered by Pao was hardly adequate for a comparison with 
earlier work. 

In 1943 Ruhle“7) published some results in Germany 
reaffirming Nikuradse’s theory of collision ionization, 
though it is strange that in this paper he makes no reference 


earlier work 9,29) had focused interest on the metal-liquid 


either to Reiss or to the pre-war adherents of ter emission 
theory. a 

The foregoing sketch conveys an idea of the state of | 
knowledge of high-field conduction when work was begun at 
Birmingham. It was then felt that the collision mace — 
eee rejected largely on the grounds Bi 


sufficient free path to acquire the ionization energ) a 
(about 10 V; with fields near the breakdown intensity @ r 
path of 10-5 cm would be needed). 3 


Whilst clause (i) is almost certainly true for all ordinary J 
liquids the “‘solvated”’ electrons are bound to their molecules | f 


electrons and molecules are inelastic. The retention andl a 
accumulation of energy through numerous collisions with — 
molecules having perhaps 10° times the electronic mass seems, 
however, quite possible. Molecular excitation will, of course, 
drain away much of the acquired energy but there seems no | 
reason to reject a priori the possibility of an occasional 7} 
ionizing collision. The existence of energetic electrons during — 
high-field conduction is confirmed by the appearance of a 
wax-like substance, apparently a polymer formed from the 
liquid, on the anode. Since it requires about 4 eV to break a_ 
C-H bond the existence of 10 V electrons does not seem 
improbable. ce 

At a time when developments in the writer’s laboratory 
were suggesting a return to the hypothesis of collision ioniza- + 
tion a paper by Young“®) appeared which dealt with con-— 
duction and breakdown in carbon dioxide in both the gaseous 
and liquid forms. As well as showing the continuity of the” 
phenomena in the two phases, Young was able to explain his — 
results on the hypotheses of field emission from the cathode — 
and ionization by collision in the body of the liquid. In ~ 
short, he combined the theories of two of the contending | 
schools of thought, though it should be mentioned that — 
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interface as the source of ionization. 
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3. THE ELECTRICAL BREAKDOWN OF LIQUIDS 


The task of explaining breakdown under technological — 
conditions is a very difficult one owing to the paradoxical — 
nature of the experimental evidence. A further difficulty is 
that many factors, such as the presence of minute solid 
particles and of dissolved water and air, either facilitate the — 
more basic processes of rupture (by locally concentrating the 
electric field) or introduce entirely new kinds of breakdown, © 
perhaps by bubble-formation or the building of conducting 
bridges across the inter-electrode gap. Some recent work on — 
the influence of pressure on breakdown@) has suggested — 
that some form of cavitation may in certain cases be operative. — 
This possibility draws attention to the hydrostatic pressure 


pi 
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existing in a liquid of dielectric constant « when exposed to a_ 
field of intensity E. With fields approaching breakdown this 
pressure may reach 1 atmosphere. : 
Even when we leave the field of technological breakdow 
for experiments of a more fundamental character we unfor 
tunately do not find that reproducibility of result whic 
improved conditions would lead us to expect. Thus as lat 
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3 1939 results as different as 190 and 1150kV/cm were 
corded by Dornte?® for benzene according to the cleaning 
chnique used. One is obliged to conclude that treatment of 
e electrodes with acid or intense heat leaves the surface in 
| condition unsuitable for this work. 

One of the most potent causes of error in experiments of 
nis kind is the presence of minute solid particles. Naeher@?) 
1 1928 showed that tests conducted with pulses of voltage of 
ctangular waveform showed very great increases of strength 
s the pulse duration was reduced. He attributed this to the 
sence of sufficient time for the movement of particles into 
he regions of strong field. In passing, it is interesting to 
otice that Naeher used the technique of discharging over- 
jead power transmission lines (temporarily out of service) 
arough appropriate resistors in order to obtain rectangular 
ulses. The advantages of using pulses, however, have not 
been. always recognized, though Inge and Walther®@?) 
ployed this method. They rejected the collision-ienization 
heory (at that time generally held) and tentatively suggested 
nat field emission from the electrodes might play some part. 
| The experimental researches then and for the next five 
fears were characterized by the most scrupulous cleanliness 
9 the apparatus, but the reproducibility of the results was 
isappointing.2+2© It is noteworthy that pulsed fields 
sre not used and that rigorous de-gassing of electrode 
turfaces was preferred to a mirror-like polish. 

During these years no theory of liquid breakdown com- 
parable with those in the domain of the rupture of solids?” 
was advanced, though it is noteworthy that Attwood and 
2ixby,@®) who used pulse methods, did in fact put forward 
- theory to account for the time-lag which their method of 
fecasurement revealed. Their arguments rested, perhaps 
ather artificially, on Frohlich’s®” theory of breakdown in 
<cystalline solids, but their view of the breakdown process 
‘avolved the idea of collision ionization and the migration of 
ons, a view to which the present writer was later led by 
Hifferent considerations. 

Komelkov,@?) by photographing discharges in liquids, was 
led to believe that ionization was an essential part of break- 
Hown, though he unfortunately did not exclude the possibility 
that his discharges were in vapour and not in the liquid itself. 


WORK OF THE AUTHOR AND HIS COLLEAGUES 


The reader is now in a position to appreciate the situation 
in 1946 when the work at Birmingham was begun. Perhaps 
imatters did not at that time appear quite as clear-cut as the 
foregoing review suggests, but it was decided that the most 
promising experimental line of attack was to employ 
rectangular pulses of adjustable duration, to keep the gap 
under careful observation by microscope in order to detect 
solid particles, to use a fresh area of electrode surface and a 
fresh sample of liquid for each determination and to maintain 
high degree of cleanliness in both liquid and electrodes, but 
ot to do anything to destroy the mirror-like polish of the 
lectrodes. 

The earlier forms of apparatus as described by Edwards® 
consisted of an all-glass distilling and filtering system which 
supplied liquid to a glass vessel containing a removable 
electrode assembly, the central feature of which was a pair 
of polished metal spheres # in. in diameter forming the 
electrodes. The gap between the balls was so small that in 
the absence of conduction the field would be uniform. By 
means of rods passing through rotatable ground cone joints 
the balls could be turned to present fresh surfaces to each 
‘other at the gap; also the separation could be adjusted from 
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outside the vessel. The spheres were removed for polishing, 
which was done with the finest grade of jeweller’s rouge. 
Coarser media led to scatter in results. Electrolytic polishing 
has been successfully employed. A small pad of carefully- 
cleaned cotton wool was sometimes arranged to rest against 
each ball on the side away from the gap so that adhering 
particles could be removed if necessary by turning the ball. 
This device is particularly desirable when the spheres are 
placed one above the other.@® 

Some early results are shown in Fig. 2.6 It will be seen 
that as the pulse duration is reduced below a certain value 
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Fig. 2. Early measurements showing rise in dielectric 
strength of pure liquids as pulse-duration is reduced 
below a critical value (after Macfadyen and Edwards) 


called the “limiting breakdown time”? the dielectric strength 
of the liquid rises above the value for sufficiently long pulses. 
Edwards®% also showed that the wider the gap between the 
electrodes the longer was this limiting breakdown time, 79. 
With gaps narrower than a certain value the whole curve of 
Fig. 2 moves upwards to higher values of breakdown field 
strength F*. A set of curves of this kind plotted from experi- 
ments by Goodwin”) is given in Fig. 3 on which the symbols 
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Fig. 3. Variation in dielectric strength of n-hexane with 
pulse-duration and gap breadth (after Goodwin and 
Macfadyen) 
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used here have been inserted. It will be seen that for long 
enough gaps and pulses a fairly constant value of F* which 
may be called the “normal breakdown strength” F* for the 
liquid-electrode system is shown. It may be mentioned in 
passing that the reproducibility of measurement exhibited in 
Fig. 3 was in part due to very careful polishing of the 
electrodes followed by rigorous de-greasing. The use of 
y-radiation to provide electrons to initiate breakdown was 
found to be unnecessary. 

The general picture just outlined was given considerable 
significance when Goodwin?) observed that there was a 
proportionality between the limiting breakdown time tT) and 
the time required for a positive ion to cross the gap, as 
calculated from the field strength and the published values of 
ionic mobility. This relationship is shown in Fig. 4 in 
which different liquids, temperatures and gap lengths were 
responsible for the variations in To. 
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Fig. 4. Relationship between the limiting breakdown 

time 7) and the positive-ion transit time f¢, for various 

liquids. Phosphor-bronze electrodes were used (after 
Goodwin and Macfadyen) 


At first it was puzzling that the ratio of these times was 
such that breakdown occurred when an ion had apparently 
traversed only about one-quarter of the gap, but it must be 
remembered that the published mobilities were measured at 
field strengths of only a few kilovolts per centimetre. With 
the high field strengths prevailing in breakdown experiments 
the actual mobilities may well be less owing to the removal 
of attached molecules by the high velocity through the 
liquid. 

Further experiments©%2) revealed considerable variations 
of normal breakdown strength F* with cathode metal. 
Metals with high work function, as judged from the published 
values, gave higher values of F* than metals with low work 
function. The former type of cathode tended also to give 
longer delay-times. 

Fig. 5 shows a set of determinations of F* for different 
members of the paraffin series over a range of temperatures. 
It will be seen that while the strength increases with the 
number of carbon atoms in the chain it decreases with rising 
temperature. 

These and other experimental results suggested an examina- 
tion of the high-field conduction of the liquids used. Briefly, 
it was found that they behaved much as Nikuradse and, 
later, Ruhle had described. The logarithms of the currents 


plotted against electrode separations at constant field strength 
yielded a set of curves (Fig. 6) which, extrapolated to zero + 
separation, gave the (hypothetical) cathode emission current, 
On the simple Townsend theory these curves should have been 4} 
straight lines, but a number of possible processes might } 
account for the curvature. Subsequent experiments showed |, 


Ai 
that in the present case space charge was not the cause.4° — | 
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Fig. 5. Variation of normal breakdown strength F* of a 
four paraffins with temperatures (F* in MV/cm) (after — 
Goodwin and Macfadyen) ; 


Bn) 

It was found that the cathode emission could be represented 
by the Fowler—Nordheim equation for field emission. The 
constants of the equation, if the emission is regarded as 
uniform, correspond to a very low work function. This 4 
in agreement with the work of Llewellyn Jones and his | 
colleagues@3: 34) who have found similar behaviour in the— 
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Fig. 6. Conduction in n-hexane plotted in accordance 


with equation (1), showing the effect of cathode metal 
(after Goodwin and Macfadyen) 
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emission from tarnished and oxidized metal surfaces in air. 
It is thus convenient to regard the cathode emission into 
liquid as field emission though this is not essential to the 
theory of breakdown to be considered in the next section. 


5. THEORY OF BREAKDOWN Kel 


On the basis of the experimental work which has been — 
briefly sketched in the preceding section a theory of break- 
down was given in the original publication.G2) It will be 
re-stated here in a somewhat different form which reveals the 
magnitudes of the physical quantities involved. It will be ~ 
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}jown that conduction by collision ionization gives rise, at 
Wh field strengths, to an intensification of the field at the 
il hode. This, in conjunction with the dependence of 
\ hode emission on field strength, produces a state of 
iptability leading to breakdown when the applied voltage is 
ifficient. 
Paes plane parallel electrodes are assumed to be immersed 
4 a liquid of dielectric constant «. They are separated by a 
Wistance /. An electron current of density i, e.s.u. per cm? 
Waves the cathode. Although captured by molecules of the 
quid, these electrons travel towards the anode with occasional 
Hiermal liberations resulting in the production of ion-pairs. 
) the average ion-pair production is « per centimetre in the 
| direction (normal to the electrodes) it can be shown) that 
He field strength EF at a distance x from the cathode is given by 


eel = eX 

ae (2) 
k, k,, 

; rhere k, and k,, are respectively the mobilities of positive and 

j gative ions. 

»; Equation (1) must be integrated subject to the boundary 

Yondition that 

1 

4 

7! | Edx = FI 
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Where F is the mean applied field strength, i.e. V//, V being 
ve applied potential difference. This condition presents 
Fifficulties unless the simplifying assumption is made that the 
}ieid strength is disturbed from its mean value F to a relatively 
Hall extent. With this and another simplification justified 
J the magnitude of the quantity «/ a simple expression for 
}.., the field strength at the cathode, may be found: 

if Qe! ] | 
7 darian lace ek, F P2e-S.U (3) 
Air, if practical electrical units are used, 


2.9. 10!e*t cane 
ek ,F ¢ é 


rhus the field strength at the cathode exceeds the average 
Wjalue by an amount AE, represented by the second term, 
Vhich is proportional to i,, the cathode emission density. 
his suggests the following graphical method of representing 
Whe steady state corresponding to any particular applied field 
Hitrength F: 
4| Let the curve OABCD (Fig. 7) represent cathode emission 
lensity i, plotted against cathode field strength F,. The 
ictual curve has been produced by extrapolation from 
Fig. 9 of the original paper°”) which shows cathode emission 
hlotted in accordance with the Fowler-Nordheim equation. 
Tirhe values of emission were deduced from Fig. 6 by producing 
jhe graphs to cut the axis / = 0. The slopes of these curves 
rive the values of «. 
| When a mean field strength F is applied to the electrodes 
jhe equilibrium state is found by combining this relationship 


petween i, and E, with that represented by equation (3a). 
| i ccordingly a straight line having reciprocal slope equal to 


NE ees ew! 


ke oh F 


ls drawn through the point on the E, axis (Fig. 7) representing 
ihe applied field strength F. The intersection of this line and 
the emission curve represents the steady state of conduction, 
i):.g. the point A corresponds to the conduction at an applied 
eld strength of 1-1 MV per cm. 
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If now F is increased the reciprocal slope increases (points 
B, C, etc.) mainly by virtue of the increase in the exponential 
factor e* [equation (4)], and at a certain value of F 
(1:28 MV per cm) the line fails to intersect the emission 
curve; steady conduction is then no longer possible and 
breakdown ensues. Clearly the value of F* so found would 
be that given by a d.c. or a long-pulse test. 

Fig. 7 has been plotted for a 0-1 mm gap between phosphor 
bronze electrodes in hexane. The values of « and i, have 
necessarily been obtained by a very large extrapolation and 
it is thus to a great extent fortuitous that the breakdown 
strength so found agrees well with the measured value shown 
in Fig. 3. Measurements of emission and of « at field strengths 
close to breakdown would be required in order to test the 
theory accurately. Again, the assumption of uniform 
emission from the cathode is almost certainly an over- 
simplification since field emission is known to occur in 
spots.3® However, the work of Dornte@7) suggests that 
close to breakdown the spots may become so numerous as 
to furnish a nearly uniform emission. 

In favour of the theory, it may be claimed that it explains 
the dependence of breakdown strength on cathode material 
or surface condition, for if this is a poor emitter of electrons 
the emission curve OABCD (Fig. 7) is depressed at all points 
and a higher value of F must be applied in order to secure 
non-intersection of the straight line with the curve. A further 
feature of the theory is that it appears to be capable of 
explaining the increase in dielectric strength at small breadths 
of gap, since this quantity occurs in the power of the exponen- 
tial. In a general way the enhanced strength resulting from 
the admixture of chloro and fluorocarbons (e.g. CC1,4) with 
hydrocarbons@8) can be explained as due to the reduction 
in «, an effect which is known to occur in gases.°?) Although 
information is not available on the effect of temperature on «, 
a positive temperature coefficient, resulting in a negative one 
for breakdown (compare Fig. 5), would be in general accord- 
ance with the physical picture underlying the theory. 

As is to be expected from the experimental basis of the 
theory, time-lag seems capable of a simple explanation in 
terms of the time required for the space-charge to be built 
up. The mathematical treatment is unfortunately rather 
complicated. 


6. A CONFIRMATORY EXPERIMENT 


One of the predictions of the theory given in the preceding 
section is that with an applied field approaching the break- 
down value the field strength at the cathode should exceed 
the mean field strength, as is easily seen from Fig. 7 in 
which the abscissa of C represents the cathode field strength 
resulting from an applied field of 1-25 MV/cm. This can- 
be checked experimentally by means of the Kerr electro- 
optical effect. The experiment was carried out by Goodwin@ 
and although experiments of a similar kind had been done 
before’: 7” under conditions of steady fields and impure 
liquids, the task in this case was far more exacting since 
pulsed fields very close to the breakdown intensity, liquids 
of high purity and electrode gaps of a small fraction of 
a millimetre had to be used. Unfortunately the simple 
liquids employed in the preceding researches had far too 
small a Kerr coefficient for the present purpose so chloro- 
benzene, a liquid combining moderately high Kerr coefficient 
with good electrical properties, was used. The optical 
arrangement was basically similar to Dantscher’s, whereby 
an interference-fringe superimposed on the image of the 
electrodes (vertical planes) became displaced vertically by 
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an amount proportional to the square of the field strength 
at each point on a line normal to the electrodes. The fringe 
thus constituted a graph of E? against x. Insuperable experi- 
mental difficulties prevented a direct correlation with the 
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Fig. 7. Breakdown condition for n-hexane between 

phosphor-bronze electrodes. The curve represents the 

cathode emission and the straight lines represent field- 
distortion due to ionization 


theory but at field strengths near breakdown a definite tilt 
of the fringe, indicating the predicted intensification of field 
at the cathode, was recorded photographically. 


7. OTHER RECENT WORK 


The publications which have appeared whilst the work 
described in the last three sections was in progress show 
interesting relationships with it although there are important 
divergences. A selection of points from these papers will 
now be given. 

Salvage!) has carried out breakdown experiments with 
pulsed and steady fields but most of his conclusions are drawn 
from the latter type of test. His results are generally similar 
to those of Goodwin and the writer,@2) though the actual 
values of normal breakdown stress F* are lower. After a 
preliminary examination of the effects of filter pore-size 
Salvage shows, amongst other things, a correlation between 
F* for normal hexane and the work function of the electrode 
metal. A negative temperature coefficient of F* between 
0 and 60° C is recorded. A progressive increase in F* through 
the range of normal paraffins from pentane to nonane is also 
found (compare Fig. 5). 

Using various refinements, including a thyratron device 
to cut off the applied voltage within a fraction of a micro- 
second of the instant of breakdown, Lewis“? has been able 
to reduce the wear resulting from repeated use of the same 
pair of electrodes. The coefficient of variation of the results 
is greatly reduced and higher values of F* are recorded than 
in earlier measurements. The increased strength for narrow 
gaps is reproduced and new data are presented for the effects 
of temperature and number of carbon atoms in the paraffin 
molecule. Although these are in general agreement with 


results already described the form of the temperature 
dependence curves is appreciably different. 

Dependence on cathode material is found to be somewhat. 
uncertain: this has been explained in a later paper‘) in ! 
which experiments using point-and-plane electrodes are 
described. Only when the cathode is the plane is vin the 


significant dependence on cathode metal; it is then in t 
direction to be expected from the work function. 

Lewis, in discussing his results, employs the concepts of 
ionization by collision and field emission from the cathode. | 
When the pointed electrode is the cathode there is a copious | 
supply of electrons but rupture does not occur until the field 
strength in the body of the liquid reaches a high enough. 
value to turn a simple conduction into a catastrophic dis- 
charge. Cathode dependence is not shown in this case. 
When, on the other hand, the plane electrode is the cathode ) 
the field strength must be raised until field emission occurs. a) 
The liquid near the pointed anode is already “over-s stressed” | 
and breakdown ensues. The breakdown voltage will the: en | 
depend on the cathode material. This view of breakdown, } 
although not specifically employing the notion of field dis- | 
tortion by space charge, contains the assumption that break- | 
down is contingent upon the simultaneous presence in the | 
liquid of a high enough current density and a strong enough 
field. It thus has much in common with the theory given in | 
Section 5. a 

The hypothesis that the body of the liquid requires to be | 
exposed to a certain field strength to cause rupture is also | 
inherent in a recent paper by Bragg, Sharbaugh and Crowe (44) } 
though in this case current density enters only in an indirect | 
way. Electron emission from the cathode is assumed and, as } 
a result of the finite mobility of electrons in the liquid, a » 
negative space charge accumulates, intensifying the field near } 
the anode until a hypothetical “breakdown intensity’? is 
reached. If cathode emission is low this condition may be } 
reached without field distortion. It will be noticed that i 
ionization is not invoked, so we may regard this view as a} 
development of the ideas of the American “emission” | 
school. (12-14) 

The authors develop the theory in some detail and obtaiil 
experimental confirmation from breakdown measurements | 
employing an aqueous solution of an ionic salt, the con- | 
centration of which can be varied at will so that the emission | 
(of negative ions) is under control. Breakdown under these } 
conditions is obviously a specialized phenomenon and can {| 
hardly be compared with rupture in more usual circumstances. * 

In another paper,“>) however, the same authors report in- | 
vestigations into the dielectric strengths of the paraffins using | 
a mercury cathode. Corrections are applied for the movement } 
of the cathode under the influence of the (pulsed) electric | 
field. It is found that the dielectric strengths so measured 
are closely proportional to the densities of the liquids, which | 
range from pentane to heavy oil. This proportionality is | 
treated as a generalization of Paschen’s law for gaseous” 
breakdown. The changes in density envisaged in Paschen’s } 
law are brought about by changing the concentration of : 
molecules of a constant type by varying the pressure; the | 
underlying variable, namely, the mean free path of an | 
electron, at once provides a simple explanation of the law. . 
In a range of hydrocarbons, however, the variations of 
density are due to a quite different cause and the simple 
explanation is no longer valid. Dimensional arguments are 
put forward in the paper to give significance to the pro- 
portionality. Temperature dependence is also explained as a 
by-product of density change, though the evidence on this 
point is slender. 


| 
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4Since these measurements were carried out with a constant 
ilse length of 1-8 ys it would seem that much of the 
icrease with number of carbon atoms is due to time-lag 
Hirect (Fig. 3). Ina private communication, however, Bragg 
tes that the relatively long time lags shown in Fig. 3 are 
pt found in the methods used by himself and his collaborators. 
| Edwards, (46) using techniques which are essentially develop- 
lents of those used in his earlier work,@® has reported 
Niceedingly high values of dielectric strength for carbon 
| rachloride and other liquids. He attributes this to a high 
Hegree of freedom from solid particles. 


8. CONCLUSION 


| The present situation appears to be that improved tech- 
Hiques during the last twenty years have enabled different 
t perimenters to reach some measure of unanimity as to 
sneral trends of the dependence of breakdown strength on 
number of variables, though exceptions exist and agreement 
pon absolute values is not satisfactory. Views on high-field 
conduction, which have suffered many vicissitudes, are still 
lh a state of flux though the evidence available does not seem 
> rule out ionization by coilision as a basic ingredient of the 
irocess. Workers in this field are understandably unwilling 
‘ic commit themselves to a definite view of conduction, having 
; szard to the history of the subject, and this reacts upon the 
Bproseects of an ultimate explanation of breakdown. Progress 
‘iong these lines is undoubtedly hampered by the fact that 
bor information about atomic and molecular processes 
: ij scurring in liquids is so much less complete than our 
-nowledge of the corresponding processes in gases and solids. 
js greater range and diversity of experimental researches on 
Viiquids, rather than further specialized investigation into 
fonduction and breakdown, seems to be necessary. It may 
wpe that even at the present stage a closer collaboration 
between the rather scattered groups of workers on conduction 
find breakdown in liquids might bring about a significant 
advance in our understanding of the subject. 
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Thulium 170 for industrial radiography 
By R. HALMsHAw, B.Sc., A.R.C.S., A.Inst.P., Armament Research Establishment, Woolwich, London 
[Paper first received 7 May, and in final form 4 August, 1954] 


The use of 1709Tm for industrial radiography has been investigated. The exact nature of the 
y-ray spectrum does not appear to be agreed and the absorption curves which have been obtained 
suggest the presence of some high energy radiation, probably due to Bremsstrahlung. Exposure 
curves for steel and aluminum are given and a sensitivity-curve for step penetrameters is derived. 
The values calculated are compared with experimental values using step and wire penetrameters 
and with radiographs taken with 192Ir and X-rays. 
discussed and some possible applications of 17°Tm, taking into account the low activity of 
present sources, are suggested. 


Early in 1953 the Atomic Energy Research Establishment, 
Harwell, made available a radioisotope, '7”Tm, which was 
stated“) to have low-energy, y-ray components and to be 
suitable for the radiography of light alloys. An investigation 
has been made of some of its properties and its suitability 
for industrial radiography, particularly of thin steel specimens, 
has been examined. 


GENERAL PROPERTIES 


The source used had physical dimensions of 2 x 2 mm and 
an initial strength of 450 mc. The half-life is stated to be 
127 days, and the y-radiation output 45 x 10-4 rhm/c. 

The decay is by f-ray emission, the spectrum consisting of 
two components of energies 968 and 884 keV, the second 
component leading to an excited state of !7?Yb which emits 
a y-ray in decaying to the ground state. 

There appears to be considerable difference of opinion on 
the energy and relative intensities of the y-ray spectrum. 
There is general agreement on the presence of a spectrum line 
of energy 0-084 MeV, but whereas Fraser°) and Cork“ 
state that no other +y-rays were found, Grant and Richmond® 
identified two high-energy lines. Their figures are: 


Table 1. Gamma-ray spectrum 
Energy (keV) Relative intensity 
82-62 7025 100-0 + 20 
205:0 + 10:0 1BeS ieee lee 
430-0 + 20-0 (complex) 2°4 + 04 


Graham and Tomlin suggest that there is one y-ray line 
at 0-083 MeV, and no others with intensities greater than 
1% of the disintegration rate, but that there is a weak com- 
ponent of higher energy of 400-500 keV, due to Brems- 
strahlung from the B-rays. The energy and relative intensity 
of these rays were found to vary with the absorber. Grant, 7) 
in a later report, gives some evidence for y-ray lines at 198, 
360 and 550 keV. 

There are also internal conversion X-radiations of low 
energy, and as much of the energy of decay is emitted as 
B-radiation, only a small proportion of the energy is emitted 
as y-rays, hence the very low output in roentgens/millicurie. 


EXPERIMENTAL 


(a) Exposure curves. Exposure curves were made in the 
conyentional manner for steel and for aluminium, and are 
shown in Fig. 1. . The results are shown converted to a 
source strength of 500 mc, at a source-film distance of 10 in. 
This value of source-film distance has been chosen because 
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The suitability of intensifying screens is 
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of the long exposures needed with present '7Tm sources, 


and the likelihood that they will only be applied to relatively _ 
thin specimens. For the same reason, Ilford Industrial B_ 
film has been used, although better quality radiographs could ~ 


be obtained on slower, fine-grain films. Conversion factors — 
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Exposure chart for steel and aluminium with a 
500 mc thulium 170 source 


Fig. 1. 


Curve A, steel; Curve B, aluminium. 
Ilford Industrial B film with lead screens 0-002 in. front and 
0-020 in. back. Source-film distance 10 in. Film density 1-5. 


can be used for other films and other film-densities. The — 
curve for steel is characterized by a very long “‘toe,”’ so that © 
the effective absorption coefficient is changing rapidly with — 
increase in the thickness of the specimen up to at least 2 in. — 
steel. Exposure data for aluminium was not obtained for — 
thicknesses below 4in. On the approximately straight — 
portion of the exposure curves, the effective linear absorption 
coefficients are: 


steel = 1-65 in.—!: half-value thickness = 0:42 in. 
aluminium = 0-67 in.—!: half-value thickness = 1-03 in. 


By comparison with the slopes of X-ray exposure curves for — 
steel determined under similar conditions, these values - 
suggest that the radiation, after this initial filtration, is — 
equivalent in energy to X-rays generated at about 600 kV. 
The exposure curve for aluminium confirms this figure, but 
the change in absorption coefficient at this voltage is very 
slow and great accuracy is not possible. These figures confirm 
the results of Graham and Grant©) in that there is some 
very high energy radiation, which with thick specimens 
becomes predominant. 

(b) Screens. The thickness of lead foil screens required to 
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Hive the maximum intensification factor was also investigated, 
ind it was found that a front screen of about 0-001 in. would 
the most satisfactory, and that if this screen is thicker than 
39025 in. the effect of filtration is greater than the intensifica- 
Won. The thickness of the lead back screen was found to be 
lncritical, so that the recommended lead screen thicknesses 
wre 0001-0 -002 in. front, and 0-010-0-020 in. back. 
| Because of the long exposures necessary with metal foil 
breens, the use of tungstate intensifying screens was investi- 
ated. With a steel specimen 0:2in. thick it was found 
Hossible to give about one-fortieth of the exposure required 
ith lead screens and Ilford Industrial B film, and obtain a 
lorrectly exposed radiograph, using fast calcium tungstate 
creens and Kodak Industrex S film. 
}| The result, however, was very inferior to the radiographs 
ljaken with lead screens; there was a loss in contrast and a 
jery considerable loss in definition. A fine crack in a weld 
Wi-2 in. thick was not recognizable as a crack on the salt- 
reen radiograph due to excessive blurring, although it 
i ould be seen that some defect was present. The results were 
}ompared with X-radiographs of the same specimen on lead 
and salt screens taken at 100 and 65 kV respectively and it 
}ivas found that the deterioration of the image due to the use 
bi salt screens was very much greater with !7°Tm than with 
ieee 
'- The same degradation of image detail was observed in the 
Wiadiograph of a specimen 4 in. thick: using tungstate screens 
mall fine cracks were lost completely and only the grosser 
Hiictails of the image could be discerned. It is concluded 
inerefore that although the shortening of exposure times 
ibtained is considerable, the use of tungstate intensifying 
Vicreens with !7Tm is very undesirable. It will be shown 
rater that with specimens thicker than 4 in. steel, the use of 
3\/°?Ir with metal screens and the appropriate films is very 
muuch preferable to !7°Tm in conjunction with tungstate 
itcreens. 
1) (© Sensitivity. By producing exposure curves with 
\‘broad” and “narrow” beams of radiation, the ratio of 
battered to direct radiation, J;/Ip, can be obtained, and the 
‘attainable step-penetrameter sensitivity calculated in terms of 
the minimum visible density-difference on the film (taken as 
/ |) 006), and the film gradient. Fig. 2 shows sensitivity 


i 


; 


- Sensitivity (%) 


Las ; 
Thickness of steel (in.) 
_ Fig. 2. Step penetrameter sensitivity curve for thulium 
| 170 and iridium 192 
Curve A, iridium 192; Curve B, thulium 170. 
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curves, calculated for a value of the film gradient correspond- 
ing to a film density of about 2:0 on Ilford Industrial B film. 
It will be seen that the sensitivity improves with increasing 
thickness of steel, and that the sensitivity is still better than 
1% for thicknesses of steel down to about ¢ in. This relatively 
gradual fall-off in sensitivity on thin sections, much slower 
than with !97Ir,©) makes !79Tm more suitable for the radio- 
graphy of very thin sections than any other isotope at present 
available. The penetrameter-sensitivity curve for 19Ir 
radiation, also shown on Fig. 2, indicates that on a in. 
steel specimen there is an improvement in sensitivity of 45% 
with !7°Tm against !97Ir. 

Direct measurement of penetrameter sensitivities on such 
thin sections is not very practical, owing to the small thick- 
nesses of metal involved, but some data has been obtained 
to confirm the values of Fig. 2. 


Table 2. Feeler-gauge penetrameters (steel) 


Source Thinnest Calculated 
Steel Film film visible sensitivity 
thickness Film density distance step (%) (%) 
(in.) (in.) 
0-1 B 1:4 15 IES) 1-9 
0:2 B 1:07 15 1-0 123 
0-4 B 1-6 9 0:9 fet 
0:5 B iS) 9 fee 172 


Some sensitivity measurements have also been made with 
tungsten wire penetrameters and the results obtained are 
listed below together with the same wires used for X-ray 
exposures. These percentage figures are much lower than 
the penetrameter sensitivities normally obtained with wire 
penetrameters, because of the use of tungsten wire, but they 
do serve as a comparison between radiographs taken with 
170Tm and with X-rays. They indicate that over this range 
of thickness, the sensitivity attainable with '°Tm is generally 
inferior to that attainable with X-rays of the appropriate 
voltage, but that the differences are not very great. 


Table 3. Wire penetrameters (tungsten wires) 
Steel Source-film Diameter of thinnest 
thickness Film distance visible wire 
(in.) Film density (in.) Cin.) (%) 
0:25 B 1-0 10 0-002 0°8 
0:5 B 1:0 10 0-003 0:6 
1-0 B 1-0 10 0-003 0:3 
0:5 B _ 5 0-0025 0°5 
0:2 B fest iS) 0-002 1:0 
0-2 B 1°8 22 0-002 1:0 
0:4 B £5 22 0-0025 0:6 
0:5 B 33 22 0-0025 0:5 
X-rays 
kV 
0:25 B IBS) 100 0-001 0-4 
(O25) B iP 125 0:0015 0:3 
0:75 B Ae? 150 0-003 0:4 
1:0 B 1:7 175 0-003 0-3 


SCOPE OF APPLICATION 


It appears unlikely that !Tm sources of strength greater 
than 500 mc will be available in the immediate future, so that 
it is clear from the exposure curves of Fig. 1 that long exposure 
times will be required. Such methods as the use of fast film 
rather than slow, fine-grain emulsions, and the use of pro- 
longed development®) with certain films can be applied to 
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enable shorter exposure times to be employed, but even then 
it will often be necessary to employ shorter than usual source- 
film distances if the exposure time is to be kept reasonably 
short. Some exposures have therefore been made to compare 
the effects of different distances. A weld 0:2 in. thick with 
considerable porosity and some fine cracks was radiographed 
with '7°Tm at different source-film distances between 2 and 
24 in. The cracks were clearly visible in all the radiographs, 
and it is therefore concluded that the use of source-film 
distances of the order of 4-6 in. is quite feasible with such 
thin sections. 

Secondly, a circumferential weld in a pipe of 3 in. bore and 
+3; in. wall was radiographed with the !7°Tm source at the 
centre of the weld, with an exposure time of about | h, and 
the result compared with an X-ray exposure through a single 
wall with the film inside the pipe. The !7°Tm radiograph is 
noticeably more blurred, and has slightly less sensitivity, but 
two small cracks in the weld are still recognizable as such and 
would not be overlooked. With small pipe welds, therefore, 
it appears feasible to use a !7°Tm source at the centre of pipe, 
and with film wrapped round the outside, obtain a radiograph 
of the whole weld in one exposure. 


CONCLUSIONS 


On steel sections less than 4 in. thick, '7?°Tm can be used 
to obtain better quality radiographs than with any other 
isotope source at present available. For thicknesses greater 
‘than 4in. the sensitivity obtainable becomes closely com- 
parable to that obtained with !97Ir, and as small-dimensioned, 
high-intensity sources of the latter are available with which 
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short exposures can be used, it would be used in preference’ 
to47°Em:; ¥ 
With thicknesses below 4 in. steel the radiographs obtained i 
with '7°Tm have poorer sensitivity than those obtained wit nh 
X-rays, but the differences are not large. Exposures atey 
however, very prolonged and it is probable that the principal 
use of !79Tm will be for locations where the use of X-rays 
is completely unpractical, and for specimens less than = 

thick where a short source-film distance can be used. 
j 
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By D. Karo, Dr.Ing., Dipl.Eng., A.M.I.E.E., Electrical Engineering Department, Northampton Polytechnic, London 


The paper describes a direct method of phase measurement on the cathode-ray oscillograph. if 

The circuit is the same as that used in the “‘roulette’’ method of measuring frequency. : 
Two voltages of equal frequencies trace circles on the cathode-ray oscillograph, the resultant 

trace being either a circle or a line, according to the connexions. The diameter of the circle 


varies with the phase difference between the 


circumstances it is possible, modulating the grid of the cathode-ray oscillograph by means of 
a short pulse, to determine the phase difference between the voltages by means of concentric 
circles, as well as radial lines, on a graticule placed before the screen. Since the position on 


the screen of the modulating pulse will be on 


measurement of length on the graticule is necessary. 
When a line is being traced and the phase difference between the voltages varies, the line will 
rotate; here again it is possible to measure the phase difference between the voltages by locating 


voltages, the spot describing a spiral; in these 


a Yd ial os by wie oe 
fe tans DRS a Rei 


the intersection of a circle and a radial line, no 


Ph EA: 


the position of a pulse which modulates the grid of the cathode-ray oscillograph. Frequency 
can be measured by the speed of rotation of the line or by the frequency of alteration of the circle. 


It is well known that methods of direct measurement of phase 
difference on the cathode-ray oscillograph are not very 
accurate. The method of tracing an ellipse on the screen of 
the cathode-ray oscillograph and the method of tracing, 
simultaneously, the two voltages the phase difference between 
which has to be determined, are both based on measuring 
lengths on a graticule placed in front of the screen. The 
accuracy is therefore only of the order of 5° to 10°. 

A recently described method, * based on the relation between 
the semiminor and the length of the side of a square, in which 
the ellipse is described, claims an accuracy of +1°. In this 
method no measurement of length on a graticule is required. 

The method in which one voltage traces a circle on the 
screen whilst the other voltage modulates the grid of the 


* WISCHMEYER, CARL R., and PFEIFFER, PAUL E. Rey. Sci. 
Instrum., 25, p. 41 (1954). 


cathode-ray oscillograph through a limiter circuit, so that 
only a semicircle appears on the screen, is more accurate. — 
The displacement of the ends of the semicircle from a reference 

diameter gives the phase difference between the two voltages. 

The reason for the increased accuracy (about 2°) is that the 

phase difference is determined by the position of the ends of 

the semicircle relative to radial lines issuing from the centre : 
of the graticule. 

It is evident that the accuracy would be still further inciendea - 
if the ends of the semicircle, or the position of a short pulse 
modulating the grid, could, for any phase difference, be 
determined relative to radial lines as well as concentric circlégs 
centred on the centre of the graticule. | 

In the method described the same circuit is used as in the 
well-known “roulette”? method, this has, however, hitherto” 
been used only for comparison of different frequencies and 
not for phase measurement or even for comparison of nearly 


10 BRITISH JOURNAL OF APPLIED PHYSICS 


qual frequencies. In the circuit used, two voltages are 
onnected through two phase-splitting circuits to the deflecting 
ates of the cathode-ray oscillograph; each of the voltages 
Hiaces a circle on the screen, the resultant trace being a circle 
ra line according to the connexions. If the voltages are 
ual and of the same frequency, the diameter of the resultant 
rcle will vary with the phase difference between the voltages 
om a maximum to a point. If the resultant trace is a line, 
he position of the line will vary with the phase difference. 
/ the voltages are unequal, but of the same frequency, the 
iiameter of the resultant circle will vary with the phase 
ifference from a maximum to a minimum. If the frequencies 
e not equal, yet near enough to one another not to distort 
| he circle appreciably, or if the phase difference between the 
Wvo voltages varies continuously with time, the spot will de- 
bribe a spiral. In the case of the resultant trace being a line, 
e line will rotate around its centre the spot describing a spiral. 

| Thus, if the frequencies are equal and the grid is modulated 
-y a short pulse, the phase difference between the two voltages 
Will be determined by the position on the screen of the pulse 
Welative to radial lines and concentric circles traced on a 


CIRCUIT ARRANGEMENT AND PRINCIPLE OF 
THE METHOD 


¥ Circuit arrangement. The circuit is shown in Fig. 1. The 
fates of the two pairs of deflecting plates x,, x2, 1, ¥2 are 

snnected separately as shown. One source of voltage Vy 
: frequency f; is connected through the phase splitting 


ul 


Ye 


V2 


Circuit arrangement for phase measurement on 
the cathode-ray tube 


Weircuit R; and C;, to x, and y,; another source of voltage V2 
Wand: frequency f> is connected through R, and C2 to x2 and 
V, being disconnected, V;, R, and C, are set so that a 
Nkircle of required diameter appears on the screen; next V, is 


t . 
id isconnected and V>, Ry and C; are set so that another circle 
| 


lof required diameter appears. When V, and V, are connected 
jas in Fig. 1, the resultant trace will be a circle. 
Case of equal voltages, the trace being a circle. Let x;, X, 
iy; and y2 represent the deviations of the spot from the centre 
jof the screen due to the voltages on the respective plates; 
let Vi; = V2 = Vand ff =f. =f, then, 

x, =KVsinwt; x, = KVsin (wt + 9) \ a) 
y, = KV coswt; y2, = KV cos (wt + )s 
lwhere K is a constant, w =27f is the angular frequency 


land ¢ is the phase angle between the two voltages. 
| With the connexions as in Fig. 1, the total deviations are, 


x =x, + x. = 2KV cos $¢ sin (wt + $6) \ Q) 
y =y, + y2 = 2KV cos $¢ cos (wt + 4) | 

The radius of the resulting circle is, 
r = 2KV cos $4. (3) 
The radius of the resulting circle will therefore vary with 
lid, being equal to ry. = 2K V when ¢ = 0° and r = 0 when 
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¢& = 180°. Furthermore there is an additional rotation of 
the spot when ¢ changes and the spot describes a spiral. 
If a short pulse modulates the grid of the cathode-ray 
oscillograph and ¢ varies, then the locus of the pulse appear- 
ing on the screen will be a circle of radius equal to half the 


radius of the resulting circle. 

Fig. 2 shows the resultant maximum circle of radius 
‘max = 2KV traced out by two equal voltages of equal fre- 
quencies and the circle a that would be traced out by a 
modulating pulse for a variation of ¢ between 0° and 360°. 


180° 


F max 


Oe 


270° 


180° 


Fig. 2. Locus of a modulating pulse when the voltages 
tracing the circle are of equal magnitude 


It is therefore possible to determine the phase difference 
between the two voltages tracing the resultant circle, by the 
position on the screen of a modulating pulse, relative to 
radial lines, concentric circles and circles such as a in Fig. 2. 
If the angular frequencies of V; and V> are respectively w, 
and wy», w, being near enough to w so as not to distort the 
circle, then with V, = V2 = V and writing w, —w = Aw, 
we have, 

x, =KVsinwt; x, = KVsin(@, + Aw)t | (4) 
y, = KV cos wt; y2 = KV cos (w, + Aw)t. 


Writing Awt = ¢, we have 
r = 2KV cos $¢. (5) 


The angle ¢ will vary with time; if therefore the grid is 
modulated by a short pulse the circle of Fig. 2 should be 


obtained on the screen. 
Case of unequal voltages, the trace being a circle. Let the 
voltages tracing the circle be V, and V, and the angular 


frequency of both w, then, 
x, =KV,sinwt; x, = KV, sin (wt + 9) \ © 
y, = KV, cos wt; yz = KV2 00s (wt + 9). | 
The total deviations of the spot are, ; 
5 = Sey ep eo oe + (KV)* 1 


2K2V,V> cos ¢] sin (wt + 9) (D 
y= ty = V[(KV)? + KV)? 
+ 2K2V,V2 cos ¢] cos (wt + 4) 
where tan 0 = Vo ee (8) 


V, + V2 00s ¢. 
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The radius of the circle will be 
= 4/[(KV,)* + (KV2)? + 2K?V, V2 cos | (9) 
and this radius will vary from fay = [\/K27VY, + V2) 2] 
when ¢ = 0°, to ymin = V [K7(V; — V2)?] when ¢ = 180° 
The phase diierence between the two voltages can again 
be determined by the position of a modulating pulse relative 
to concentric circles, radial lines and the locus of the pulse. 
Fig. 3 shows the resulting circles b and 6, of maximum and 


Fig. 3. Locus of a modulating pulse when the voltages 


tracing the circle are of unequal magnitude 


minimum radius respectively, in the case of V, = 2V, and 
the locus of a modulating pulse (circle a) for a variation of ¢ 
between 0° and 360°. 

Practical manipulation. When the voltages V, and V3, the 
phase difference between which has to be measured, are equal, 
the manipulation is very simple. A thin graticule d, Fig. 4, 


Fig. 4. 
Special 
graticule 


on which circles such as a in Fig. 2 are drawn, is attached to 
an ordinary graticule containing radial lines and concentric 
circles; graticule d can be moved around the centre 0. 

The magnitudes of the voltages V, V> are measured by 
means of a voltmeter and the resultant circle is first traced 
on the screen by the voltage V, and a voltage V>, equal in 
magnitude to V; and in phase with it (voltage V3, is normally 
taken from the source V,); the resultant circle will have a 
maximum radius equal to 2KV. The grid is now modulated 
by a short pulse obtained from and in phase with V,, the pulse 
will appear on the circumference of the resultant circle and 
graticule d is turned till the position of the pulse coincides 
with the end of a diameter of one of the circles a. When the 
voltages V; and V, are next applied, as shown in Fig. 1, the 
position of the pulse on the circle a will show the phase 
difference between V, and V,. When the voltages V, and V, 
are not equal, the manipulation is slightly more complicated. 


12 


The magnitudes V; and V, are measured by means of a 
voltmeter and the resultant circle of minimum radius is ia 
traded by means of the voltage V, and a voltage Voy equal to 
V, but in phase opposition with V;; secondly, V3, is reversed 
so that it is in phase with V,, the resultant circle will then be 
of maximum radius. | 

The grid is now modulated by a short pulse and this Puls e 
will appear on the circumference of the circle of maximu i 
radius, the position of the pulse being at 0° in Fig. 3. The 
circle a is therefore determined so that if V; and V2 trace. 
the resultant circles their phase difference will be given by 
the position of the pulse on the circle a. 

Case of the resultant trace being a line. By reversing the 
positions of R, and C, (or R, and C)) in the circuit of Fig. 1, 
a line will appear on the screen if Vj = V3. 

In the case of f, = fo =f the deviations of the spot from 
the screen centre and due to the voltages on the respective 


plates are, 4 
x, = —KVcoswt; x, = KVsin(wt + $) } aan 
y, = —KVsinwt; y2, = KV cos (wt + $) : 


‘aaa 


a) 


The total deviations will be 
x = XxX, +x, = KVs/[2(1 — sin )] sin (wt — 4) 
y=y, +) = — KVs/[201 + sin g)] sin (wt — @)) i 
where tan 9 = (1 — sin ¢)/cos (12) 


The inclination of the line will vary with ¢, the line will, 
be vertical when ¢ = 0° and horizontal when ¢ = 180°. 

If the phase difference varies continuously, or if the 
frequencies of V, and V are different, yet near enough not 
to distort the line, the spot will trace out a spiral, whilst the 
line will rotate around its axis. 

It is therefore possible, as in the case of the circle, to. 
determine the phase difference between the voltages tracing 
the line by means of a short pulse modulating the grid. The 
position of the pulse relative to radial lines and concentric _ 
circles traced on the graticule will determine the phase 
difference between the voltages. 

The locus of a modulating pulse for a variation of frou 
0° to 360° will be a circle of radius equal to half the length” 
of the traced line. 

Practical manipulation. The manipulation is the same as | 
in the case of a circle. The voltages V,; and V, which have 
to be equal are measured by means of a voltmeter. A line » 
is first produced by means of V, and V3, equal in magnitude — 
to V, and in phase with it; the modulating pulse and the 
end of one of the circles a of the graticule shown in Fig. 4 
are made to coincide with the end of the line. 

The voltages V,; and V, are now applied and the phase 
difference between them will be given by the position of the 
pulse on the circle a. 
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MEASUREMENT OF FREQUENCY 


The circuit of Fig. 1 is very suitable for the comparison of 
the frequencies of V, and V. 

In the case of V; = V3, the frequencies being respectively 
f, and f;, the circle will contract and expand passing from 
maximum radius to zero in | sec for a 1 c/s difference between 
f, and f,; the frequencies can therefore be compared very 
conveniently and very accurately to a small fraction of a cycle. 
The method is preferable to a Lissajous figure since observa- 
tion of a contracting circle is easier and less likely to induce 
an-error. 

‘In the case of a line being traced, the line will rotate through . 
180° in 1 sec for a 1 c/s difference between f, and fo; again, 
the frequencies can be compared accurately and conveniently. 
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The calculation of voltage surges in a Van de Graaff generator 
By B. Mitiar, B.A., Research Laboratory, Associated Electrical Industries Ltd., Aldermaston, Berks. 


[Paper first received 19 November, 1952, and in final form 5 August, 1954] 


| 

| 

| Calculations have been made on the transient voltage changes occurring in the stack of a 

| Van de Graaff electrostatic generator under spark-over conditions, and it is shown that these 
changes are strongly influenced by the capacitances from the stack plates to the tank. Breakdown 


between two adjacent stack plates may lead to the breakdown of the whole generator. 


Radial 


breakdown can cause the potential between adjacent stack plates to be reversed in polarity and 


increased in magnitude to several times its n»rmal value. 


The insertion of resistors between 


accelerator tube electrodes and the adjacent stack plates can protect the accelerator tube from 


1. INTRODUCTION 


| he accelerator tubes in Van de Graaff accelerators tend to 
pe damaged by surges in the generator, even though pro- 
rective spark gaps are used and the voltage normally existing 
between electrodes is much less than that needed to produce 
preakdown.* A possible explanation is that the time lags 
¥>f breakdown in vacuum are generally less than those of 


sreakdown in high-pressure gas. Then, if voltage surges of 


large amplitude and short rise time occur in the generator, 
Woreakdown might occur in the accelerator tube rather than 
cross the spark gaps, even though the latter are subjected to 
the greater overvoltage. It is clear that if a spark occurs 
Hnywhere in the generator, then surge voltages will be pro- 


Weuced at other points of the generator, but the magnitudes of 


apres surges have not hitherto been known. This paper 
describes some calculations on the subject, and shows that 
Jarge amplitude surges of short rise time can occur. 


2. EQUIVALENT CIRCUIT 


ES 


The investigation neglected the effects of time lags, estimated 
Fo be of the order of 107 8s in the propagation of voltages 
rhrough the machine due to distributed inductance effects. 


intershield 


tank 


i 
|| high voltage (ecrth) 


electrode 


stack ee 
plates ee 


q 
| 
| 
| 


| x I 


Equivalent circuit Fig. 2. Equivalent circuit 
of generator of generator with resistors 
between plates and spinnings 


| Fig. 1. 


fl | With this simplification, the machine may be considered as a 
inetwork of the stack resistors and a large number of capaci- 
tances fed from a high impedance source (the belt). Fig. 1 is 


* MIRANDA, and Cuicx, D. R. J. Sci. Instrum., 29, 


Bed; 
I) p. 340 (1952). 
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damage in the event of axial breakdown of the generator stack. 


an equivalent circuit for a machine with one intershield, and 
shows the capacities considered to be of the greatest im- 


“portance. The intershield completely separates the inner and 


outer portions of the generator, so that the two sections may 
be considered separately. Since the configuration of the 
circuit elements in the two sections is identical, an analysis 
developed for one may be applied, merely by changing 
numerical values, to the other, or to a portion of another 
generator, no matter what number of intershields it may have. 
A breakdown between any two points in the generator is 
considered to be equivalent to the closing of a switch between 
them. The potential differences in the generator shortly 
after a breakdown are equal to those existing before the 
breakdown, plus those produced in the equivalent circuit, 
initially uncharged, by the application between the points of 
breakdown of a voltage equal and opposite to that existing 
between those points of the generator before the breakdown. 
The potentials existing before breakdown (i.e. under steady 
conditions) are determined by the stack resistors only. Since 
distributed inductance and series resistance have been neg- 
lected, the potential changes at breakdown may be considered | 
to be instantaneous, and their magnitudes depend only on 
the capacities between the electrodes. The subsequent return 
to the normal state is determined by the time constants of the 
circuits; but these are large (0-1 s and upwards), and hence 
the changes in potential when a spark occurs may be cal- 
culated from an equivalent circuit consisting only of the 
capacities of the generator, and this will hold with sufficient 
accuracy in the period 0-1 us to 1 ms after the assumed 
breakdown. This covers the period in which further break- 
downs, as a consequence of the first, are most likely to occur. 


3. CALCULATION OF SURGES 


Numerical values relating to the outer section of the 4 MV 
generator at Aldermaston will be used. This has twenty-six 
intermediate stack plates, the intershield being connected to 
the twenty-seventh, so that there are twenty-seven _plate-to- 
plate gaps which normally all have equal voltages, say E, 
across them. The capacity between the adjacent plates has 
been measured and found to be 200 pF, including the capacity 
between accelerator tube electrodes. The capacity from each: 
plate to the tank was estimated to be 7 pF, and that from the 
intershield to the tank to be 360 pF. In making calculations, 
portions of the stack were regarded as infinite ladder 
attenuators, whenever this simplification appeared to be 
justified. The results of some of these calculations are giver 
in Table 1. 

If breakdown occurs between two adjacent plates some- 
where in the middle of the stack (e.g. plate 12 to plate 13) 
the greatest increase in voltage resulting is about 9%, and it 
occurs across the two immediately adjacent plate-to-plate 
gaps. If the gaps stand this voltage without breakdown, all 

ee 
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the voltages in the generator return slowly to normal. If, 
however, another gap breaks down, the magnitudes of the 
surge voltages throughout the generator are increased, and 
this may lead by cumulative effects to the breakdown of the 
whole generator. If the initfal breakdown is between two 
plates either just below the intershield or near the bottom of 
the stack, the results are similar, but the magnitudes of the 
surge voltages are raised by a factor of between 1 and 2, so 
that cumulative breakdowns are more likely. 


Table 1. Surge voltages caused by inter-electrode break- 
down 
Breakdown assumed Inter-electrode gap (Voltage across 
plate numbers considered gap)/E 
12 to 13 13 to 14 1-09 
or 11 to 12 
14 to 15 1-07 
or 10 to 11 
12 to 13 and 13 to 14 14 to 15 Lol 
or 11 to 12 
All pairs of adjacent plates 7 to 8 1-85 
from 8 to 18 (i.e. 10 pairs) or 18 to 19 
Intershield to tank 26 to 27 —3-60 
25 to 26 —2-82 
Intershield to tank and 25 to 26 —3-43 


26 to 27 


The bottom stack plate is No. 1, and the intershield is 
connected to plate 27. 


The case of breakdown from intershield to tank is of 
particular interest, for the voltages across the plate-to-plate 
gaps just below the intershield are reversed in polarity and 
increased in magnitude by a factor of up to 3-6. Thus this 
breakdown also is likely to cause further breakdown, but in 
this case the magnitude of the greatest surge voltage existing 
after successive breakdowns becomes progressively less. 

The effect of the capacitances from the stack plates to the 
tank is important for, without them, the transient equivalent 
circuit would reduce to a large number of capacitances in 
series. The effect of a breakdown between two adjacent 
plates in the stack would then be to raise the voltage between 
every other pair of adjacent plates by about 4%, while the 
effect of breakdown from intershield to tank would be to 
reduce the voltage between any two stack plates to zero. 


4. THE INTRODUCTION OF RESISTORS 


Resistors may be connected between the stack plates and 
the adjacent accelerator tube electrodes of a Van de Graaff 
generator, with the object of reducing the energy dissipated 
in sparks in the accelerator tube by separating the capacitances 
between accelerator tube electrodes from the relatively large 
capacitances between generator stack plates. The equivalent 
circuit then becomes more complicated, as shown in Fig. 2. 
The transient equivalent circuit is again obtained by omitting 
the resistors. Calculations on this circuit similar to those 
described in Section 3 would be exceedingly laborious. 
However it was noticed that the response of a capacitance 
network to a step function drive is the same as the response 
to d.c. of a similar network in which each capacitance is 
replaced by a conductance proportional to it. A resistance 
network was made on this basis as the analogue of the 
capacitance network and gave the changes in potential due 
to a surge in the generator. Its validity was subject to exactly 
the same considerations as were discussed with regard to the 
capacitance equivalent circuit (Section 2). 


To represent any gap in the generator which had broken 
down, a potential was applied between the corresponding 
points of the analogue network of a magnitude corresponding 
to the potential previously existing across the gap in the |} 
generator, but of opposite sign. The resulting potential — 
between any two points of the model then represented thal 
change in potential between the corresponding points of the | 
generator. This, added to the potential initially existing 
between the same two points, gave the resultant potential in | 
the generator. The method could readily be extended to i) 
give the potential changes resulting from several breakdowns — 
in quick succession. 

Some results obtained from the use of the analogue network 
are shown in Table 2. 


ee 
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Table 2. Surge voltages in generator with additional 
resistors 


> wf Ba a = 
se Ob eve Se 


Inter-electrode gap 


Breakdown assumed considered (Gap voltage)|/F a 


PIQ=PIs P13 to P14 1-11 Fs 
$12 to S13 0-85 - 
$13 to S14 0-93 a 
S18 to S19 1-02 4 
P13 to S13 0-42 * 

$12 to S13 S13 to S14 1:16 2 
P12 to P13 0-96 = 
S13 to P13 0-31 

Intershield to tank P26 to intershield —3:-97 
$24 to $25 —1-49 2 
P27 to S27 4-12 Bs 


Pn denotes the nth plate from the bottom of the 
generator stack. ~ 3) 
Sn denotes the nth accelerator tube electrode from the 
bottom of the generator stack. “| 


If a breakdown occurs between two stack plates, the 
voltages between nearby accelerator tube electrodes are | 
reduced. The voltages between accelerator tube electrodes — 
further away are raised, but only very slightly. If the insula- 
tion between points on the accelerator tube and points on ~ 
the generator stack normally at the same potential is sufficiently — 
good (able to stand about 1-3 E£) it is possible for a cumulativ 
breakdown of the whole generator stack to take place without 4 
any large surge voltages between accelerator tube electrodes — 
ever being produced, so that the tube is fully protected againsa® 
damage caused by a breakdown of this type. 4 

In the cases of a breakdown between accelerator tubes 
electrodes or from intershield to tank, this arrangement does — 
not appear to have any significant advantage or disadvantage _ 
as compared to the simpler one. 


5; CONCLUSIONS». =! sg 


It has been shown that the transient voltage disturbances 
under spark-over conditions in a Van de Graaff electrostatic 
generator are very strongly affected by the capacitances from _ 
the stack plates to the tank. 

In particular, in the case of radial breakdown of a section © 
of the generator (e.g. intershield to tank), the potential 
between adjacent stack plates near the top of that section is” 
reversed in polarity and increased in magnitude, up to 3-6 
times in a particular case. This potential reversal may be 
important in considering the design of accelerator tubes. - 

Axial breakdown between two adjacent stack plates or 
accelerator tube electrodes cannot cause potential reversals, 
but it does cause increases in the potentials across adjacent 
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aps which can lead by cumulative effect to the breakdown of 
Woe whole of that section of the generator. Further, it has 
veen shown that the connexion of resistors between ac- 
elerator tube electrodes and the adjacent stack plates can 
W}rotect the tube from damage initiated by axial breakdown 
he the generator stack, but not from the effects of breakdown 
irom intershield to tank. 
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: The calculation of heat flow through disks and its application to 
| conductivity measurements 


By Pror. J. C. JABGER, D.Sc., F.Inst.P., and A. Beck, B.Sc., Grad.Inst.P., Australian National University, Canberra 
[Paper received 29 June, 1954] 


A method for numerical] calculation of steady flow of heat in an axial direction through a cylinder 


i or a number of cylinders of different diameters is described. It is applied to determine a correction 
f for errors in the diameter of disks used in the divided bar method of determining the thermal 
conductivity of rocks. 


1. INTRODUCTION 


Ehe study of the steady flow of heat or electricity into 
Weylindrical bodies through restricted areas of their surfaces 
Hiates back to Weber.“ In this note a fairly general method, 
elated to his, will be described for the solution of problems 
m axial flow through one or more disks. It was developed 

=n Order to obtain a theoretical correction for small errors in 
Whe diameter of the disks used in the divided bar method of 
Hiseasuring thermal conductivity which, following Benfield,@) 

kas been widely used for measurement of the conductivities 

«st rocks. In this method a disk of the rock is introduced 
petween two metal rods as in Fig. 1(a) and the conductivity 
pe the rock is determined in terms of that of the rods by 
| means of temperature measurements in the rods. The effect 
tof the contact resistance between the rods and the rock is 
pliminated by making measurements with three or more disks 
jof different thicknesses. 

It frequently happens that the conductivity of a large 
imumber of samples from a drill core has to be measured; 
these usually vary in diameter by amounts of up to 5% so 
ithat either they must be machined to the diameter of the rods 
of the apparatus or a correction must be applied for the error 
Hin diameter. In the present instance a large number of samples 

‘of approximately 21 mm in diameter has had to be measured 
Nand an apparatus with rods of this diameter has been 
‘iconstructed.©) 

If the diameter of the disk is greater than that of the rods 
\ he situation will be that shown in Fig. 1(5), and the apparent 
‘conductivity of the sample will be high because of refraction 
Hof the lines of flow into the outer ring of the sample. Similarly, 
if the diameter of the disk is smaller than that of the rods, the 
lapparent conductivity will be low. The general problem with 
irods and disks of different conductivities is a complicated one 
which may be discussed accurately by the methods of Sec- 
|tion 4, The simplest idealizations of it which enable the effect 
lof refraction of the lines of flow to be estimated are obtained 
iby considering a disk of thickness / and diameter b, with 

jeither-(i) constant temperature +V over circles of radius a 

}in its plane faces, in which case the total flow between these 

Icircles is calculated, or (ii) constant flux +F over these 
‘\circles, in which case the average temperature over the circles 
ican be calculated [Fig. 1(0)]. These two problems may be 
regarded as having equal status as first approximations to the 

physical problem, and the second of them is the more valuable 
since, in this case, a simple exact solution is obtainable which 
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is given in Section 2, while for the first problem the methods 
of Section 4 must be used. Numerical calculations have 
shown that the difference between the results of the two 
problems is negligible in the present context. In Section 3 
it will be shown that the calculated results agree adequately 
with observations. 


K--a-=-1 
F F 
F F 
(a) (b) (c) 
Fig. 1. The divided bar apparatus 


The edge corrections of Section 2 are, of course, directly 
applicable both to the corresponding electrical problem and — 
to the important case of the measurement of the permeability 
of a porous rock. 

In Section 4 a general method for the solution of more 
complicated problems will be indicated. 


2. EXAMPLE 


Consider the problem of steady flow of heat in a disk of 
radius b and thickness / to which heat is supplied at a constant 
rate F per unit time per unit area over a concentric circle of 
radius a (< b) on one face and from which it is removed in 
the same manner from the opposite face. Assume that there 
is no loss of heat from the remainder of the surface of the disk. 
The temperature at any point may be calculated by the 
methods indicated in Section 4. From the present point of 
view the interesting quantity is v,, the average temperature 
difference between the circles of radius a over which heat is 
supplied and removed. This is given by 


Fl 1 16 _, I(n7a/l) 
°a a 2 (nmb/l) 


« fa) — KCC) |} © 


where k is the thermal conductivity of the disk, J; and K, are 
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the modified Bessel functions of order unity, and the sum- 
mation is over the odd values 1, 3,5... of n. 


FY (2) 


may be regarded as the apparent conductivity which is 


The quantity 


observed. In Fig. 2 the percentage error 100(k, — k)/k in k 
is plotted against the percentage error 100(b — a)/a in 
oO 
Joh 
3°75 
= 
= ie) 75 
zo 
6 I5 
30 
fo) 5 To 
100 (b-a)/a 


Fig. 2. Percentage error in conductivity plotted against 
percentage error in diameter. The numbers on the curves 
are values of zra/l 


diameter 5 for the values 30, 15, 7-5 and 3-75 of zra/l which 
correspond approximately to the sizes of the disks used in 
the apparatus under consideration. 

For the case in which the disk is a long cylinder, equation (1) 
reduces to : 
Fla 
kb2 @) 


This gives the curve zra//] = 0 of Fig. 2 and corresponds to 
the case in which the diameter of the disk is smaller than that 
of the rods in the divided bar apparatus. 


Ly 


3. COMPARISON WITH EXPERIMENT 


To check these theoretical results and to determine an 
experimental calibration for the apparatus, a number of disks 
was cut with varying diameters and all of thickness 4 mm. 
It was assumed in all cases that the contact resistance had the 
value determined in the normal way with a set of disks of 
varying thicknesses and of diameters equal to those of the 
rods. The results of a number of such experiments are shown 
in Fig. 3 with the theoretical curve for comparison. Since 
measured conductivities of contiguous rock samples may 


10 


5 


Error in radius (%) 


Error in conductivity (%) 


-|O : 
Fig. 3. Comparison of experimental values 


calculated results for the case zra/] = 15 


with 


p 
} 


vary by as much as 2 or 3%, it appears that the correction é 
Fig. 2 may be applied without fear of exceeding this limit. 


4. GENERAL THEORY 


The problem of steady flow of heat in a stack of cylinders 
with different diameters as in Fig. 1(6) is one of considerabl 
difficulty. It can, of course, be solved numerically in particular 
cases by relaxation methods, but we shall indicate here an. 
alternative numerical method which is useful in problems i 
of this type. a 

The fundamental result is the following: suppose that heat 3 
is supplied to the finite circular cylinder,0O <<r<b,0<z< Ay 
at a constant rate (unity) per unit time per unit area over the 
ring r’ <r<r”’, z =/and is removed at the same rate over 
the ring r’ <r <r’, z = 0, there being no flow of heat over 
the remainder of the surface, then the average temperature 
wr, 23 1s r’) over the region 77} <r<ry, z=/ of the | 
surface is given by 


My 
} 
j 
iW 


ij 


k 


3 
y 


Wi pin sto ro) 
8] 
ae St) pa ese: 


I Cea WK, 5() WK, ce | | 4 
a a eC) 


for the case ry <r, <r’ <r” with similar results for other | 
cases. This result may be derived by the methods of Gray 
and Matthews or Carslaw and Jaeger.) The series (4) ig 
rapidly convergent and easily evaluated. : 

Putting r, = 0, r2 =r’ =a, r’’ =b and subtracting oe 
result from Fl/k (corresponding to supply of heat over the 
whole circle) gives equation (1). Now suppose that the range © 
0<r<b is divided into N equal parts « so that b = Ne, 
and that all the quantities v[me, (m + I)e;,m'e, (im! + Ie] 
giving the average temperature over one ring of width e due » 
to unit flux over aes ring are calculated. Then, if. 
hr, i — 1, is the rate of heat supply over the 
m’th ring, the ee temperature over the mth ring is : 


1 [rol\(nar2/1) — r1(n7r,/D] 
1,(n7b]l) 


nz 


nib mtr’ 


nec 


Ss F,,v[me, (m + le; m’e, (m’ + Ie] 
m’=0 


The boundary conditions which are linear relations between 
the temperature and the flux of heat then lead to a set of 
algebraic equations for the determination of F,,,.. These 
equations are strongly diagonal and easily solved by iteration. . 
As remarked in Section 1, a first application of this method 
has been made to the case of a disk with circular areas on its 
plane surfaces maintained at constant temperature; the 
calculated results being very little different from those of Fig. 2. 
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ne phenomena occurring in high-speed fluid flow have been 
udied by a number of workers by means of high-speed 
4 foematography. Where the event is continuous in character, 
' has been found more convenient to take two exposures in 
Abid succession on the same negative. A few pairs of such 
Wkposures taken at random can then be used to determine 
bth the velocity and history of an event. This method is 
Jarticularly advantageous when detailed investigations are 
ikade of phenomena requiring high image/object ratios and, 
ence, large negative sizes. 
, The method has been used in this laboratory to study such 
menomena as the manner of disintegration of liquid sprays, 
id the stream velocities of gases and liquids. The latter are 
sually derived from measurements of distances between 
inccessive images of suspended light reflecting particles such 
Ys-aluminium powder. In order to attain a high degree of 
Hcuracy, the distance between the two images, and thus the 
lay between the two flashes, should be as large as possible. 
Winis cannot be easily achieved since it becomes difficult to 
Fiect the correct pairs of images. A further complication 
rises when both the magnitude and direction of velocity 
ee varying. 
1 Attempts have been made to solve this problem by em- 
Jeoying flashes of different light intensity so that one image 
lighter than the other. This has not proved completely 
sccessful, since in the case of suspended aluminium particles, 


A 
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the light reflected also depends upon the inclination of their 
‘urfaces to the camera lens. Thus, in some instances, one 
image may be lost, or it may be brighter than the other, 
In addition, the loss in 


Waterpretation of the result. 
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A method of identifying double-flash exposures 


By N. Domsrowsk1, Ph.D., High Speed Fluid Kinetics Laboratory, Imperial College of Science 
and Technology, London, S.W.7 


[Paper first received 23 August, and in final form 9 September, 1954] 


A method is described of identifying two exposures taken in rapid succession on one photo- 

graphic plate. It employs two light sources of differing spectral constitution with two plates, 

face to face, of suitable colour sensitivities. By this means a reference negative containing one 
image is obtained, in addition to the usual double-flash photograph. 


This note describes a simple technique by which the two 
exposures may be identified. It consists of illuminating the 
object with two flashes of differing spectral constitution and 
exposing two plates of suitable sensitivities. Two images are 
obtained on one plate to provide the double exposure, and 
one image is obtained on the other plate to provide a reference 
negative. 

2. OPTICAL SYSTEM 


Fig. 1 illustrates the optical system. The object A is 
illuminated by high-pressure xenon flash lamps B and C, 
which can be triggered with delays varying from 5 ps to 
10 ms.* The light emitted by B is filtered through a Wratten 
15G filter so that only wavelengths between 5200 and 6500A 
illuminate the object. The light from lamp C is unfiltered so 


4000 4500 5000 5500 


6000 


6500 


(b) 


Fig. 2. Wedge spectra of plates and filter to light from 
high pressure xenon flash tubes 


(a) P300 emulsion (light emitted by lamp C); (6) scientific 
00 emulsion; (c) Wratten 15G filter (light emitted by lamp C). 


that the total emission from 3500-6500 A is effective. The 
light from the two flashes is then received by the camera on 
two plates E and F held face to face in a plate holder. Thus 
the light exposes plate E through the glass plate before it 
reaches plate F. Plate FE is unbacked panchromatic, sensitive 
to the light of all wavelengths between 3400 and 6500 A, 


* DomBrowskI, N., FRASER, R. P., and Peck, G. T. AEISYSi: 
Instrum. To be published. 
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whilst plate F is backed non-colour-sensitized, sensitive only 
to wavelengths between 3500 and 5200 A. 

Fig. 2 illustrates the wedge spectra of the two materials 
and filter taken with light emitted by the two flash lamps. 
It can be seen that the light from lamp C will expose both 
plates whilst that from lamp B will only expose the pan- 
chromatic plate, since the filter absorbs light below 5200 A 
to which the non-colour-sensitized plate is sensitive. Thus, 
two images will be exposed on the panchromatic plate whilst 
one image will be exposed on the non-colour-sensitized plate. 

Experiments have shown that a suitable combination of 
plates is the fast Kodak Scientific 00 non-colour-sensitized (F) 
and the medium speed Kodak P300 panchromatic (£). 
A higher speed is required for the non-colour-sensitized plate 
because much of the light is absorbed by the sensitive layer of 
the other plate. Flash lamp B was placed nearer the object 
than lamp C in order to obtain equal densities for the double 
image on plate E. 

As the rear of plate E occupies the plane on which images 
are normally focused, the ground glass focusing screen on the 
camera is reversed in order to coincide with the new plane of 
the two sensitive layers. 


3. 


AN APPLICATION TO THE STUDY OF DROP 
FORMATION 


Fig. 3 shows an example of this technique applied to the 
study of the disintegration of liquid sprays. It illustrates the 
breakdown of a sheet of liquid into drops, and their subse- 
quent paths. Fig. 3(@) shows the double-exposure photograph 
obtained with the P300 plate. Fig. 3(b) shows the reference 
exposure obtained with the scientific 00 plate. In this 
example, flash lamp B has been triggered first so that Fig. 3(b) 
represents the first flash. The expansion of the perforations 


Heat transfer through oxide-cathode materials 
By A. E. PENGELLY, B.Sc., Research Laboratories, The General Electric Co. Ltd., Wembley, Middlesex. 
[Paper first received 20 May, and in final form 28 June, 1954] 


in the sheet and the production and behaviour of drops ca n | 


now be interpreted. 


(a) (b) 
Fig. 3. Drop formation from spray sheet 
(a) Double exposure; (6) reference exposure. 


The technique could be further extended by employing f 


negative colour film with corresponding tricolour filters. 
This would enable both exposures, as well as the composite — 
image, to be individually printed. 
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A method of measuring the thermal conductivity and opacity of poorly conducting translucent 


materials has been developed and used to measure the conductivities at about 150° C of poly- 
crystalline barium oxide, strontium oxide and an equimolecular mixture of the two with and 


without 24% zirconium oxide or 5% zirconium added. These oxides were in the form used 


for typical oxide-cathode coating. The sum of the absorption and scattering coefficients has in 


Oke 


each case been estimated from the results. 


EXPERIMENTAL APPARATUS 


The object of this work was to study the thermal conductivity 
and obtain incidentally some information about opacity for 
the barium-strontium oxide material as used in valve and 
lamp cathode manufacture. The oxides are unstable in air 
and are therefore applied to their metal base as carbonates 
which are decomposed in vacuum. The barium-strontium 
carbonates consist of particles of diameter about 2 
prepared by precipitation from the double nitrate solution 
using sodium carbonate. The single carbonates were barium 
carbonate and strontium carbonate of particle size 2-3 p, 
both precipitated from ammonium carbonate. 

The method used was a modification of Lees disk apparatus 
for poor conductors. Fig. | is a diagram of the experimental 
vacuum tube. Two pure nickel disks 15 mm in diameter and 
5 mm thick were turned hollow to have 1 mm walls and fitted 
with molybdenum-tungsten heaters insulated with alumina 
and rated to give 45 W each at 30 V and 900°C. A pure 
nickel disk 1mm thick was pressed into the open end of 
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each block as shown in section in Fig. 1. Both assemblies - 
were thoroughly outgassed by heating in a vacuum at 


1050° C for 1 h as were all the metal parts used in the vacuum 4 
tube. The two blocks were sprayed on their plane face with | 


the carbonates of the materials to be examined, the surfaces » 


of which were then faced in a lathe to a thickness of 0:45 mm ~ 


and pressed together. 
The blocks were held together by three ceramic tubes 2 mm ° 
outside diameter and 15 mm long seated in recesses spaced 


symmetrically in each lid and in nickel pressure plates at the | 


far ends. The pressure was maintained at about 500g by 
two steel springs shown in Fig. 1. 0-:05mm Chromel and 
Alumel thermocouple wires were spot welded to each disk 
and the whole assembly was mounted in a glass bulb and 
evacuated to a vacuum better than 10-6mm of mercury. 
The tube was then baked for 6h at 400°C and further 
outgassing of the pressure plates accomplished by eddy 
current heating at 900°C. The disks were outgassed and 
the carbonates decomposed to oxides by lighting the heaters. 
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his was done by increasing the temperature in stages from 
§)0 to 1040° C to allow the carbon dioxide and binder break- 
| | wn products to escape through the interstices of the 

.aterial. When the temperature had reached 1040° C it was 


Fig. 1: Details of 
experimental vaccum 
tube 


A, specimen material; 
B, pressure plate; 


cs getters ; 
A : D, springs; 
4 E, 2mm ceramic tubes ; 
/ i F ee of upper 


G, HREOC SunTe 
wires ; 

H, heater leads; 

J, leads; 

K, pumping stem. 
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Held for 6h. Subsequent examination of the material showed 
‘nat the coating was even, of proper colour, and well bonded 
» the nickel disks. The two layers fused completely in all 
eases. The thermocouples were calibrated in the range 
#50-1100° C with an optical pyrometer and in one case the 

tyires were brought through the pinch. It was found in this 
way that errors due to heating of the cold junctions could be 
feccurately corrected in terms of the total watts dissipated in 

Whe tube and temperatures measured to within 1%. 


EXPERIMENTAL METHOD 


The experiment to measure heat transfer per unit tempera- 
ture difference was made in two distinct parts. 
1. The power dissipated in each of the blocks was measured 
Swhen they were held in equilibrium at various equal tempera- 
tures. Since the system is symmetrical about the plane of the 
coating the power in each should have been, and was, to 
1%, the same. The temperature of the glass envelope was 
kept below 60° C by a forced-air draught, thereby reducing 
ito negligible quantities the errors in heat loss caused by 
var ying ambient temperatures. 

2. Using one heater only one block was held at a pre- 
determined temperature and the equilibrium temperature of 
he other was measured. From the temperature of the 
second block the amount of heat dissipated was determined 
rom the results of the first part of the experiment and since 
Ithis must all have passed through the oxide the effective 
\conductivity K’ was calculated from the equation: 


| 


H =K’ AG —T) (1) 

H = total heat dissipated per second (W) 
| K’ = apparent conductivity (W. cm~!. °C~!) 
ea ie mn = higher temperature (°K) 
= lower temperature (°K) 

a = area of coating (cm) 

1 = thickness of coating (cm) 
VoL. 6, JANUARY 1955 
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This experiment was repeated for a series of different 
temperatures 7,, between 150 and 750° C and a graph of K’ 
against the mean temperature T was drawn (Fig. 2). Table 2 
shows a typical series of results for barium oxide. It will 
be noted that at low temperatures the curves are asymptotic 
to finite values of K’ and these are taken to be the values of 
Ko, the true conductivity. In the cases of barium oxide and 
the pure mixture, measurements were made on two tubes - 
and excellent agreement was obtained in each case between 
the independent results 

An anode in the form of a nickel ring was placed concentric 
with the blocks and the thermionic emission from the exposed 
side edge of coating was measured at several temperatures. 
These emissions were found to be slightly low but not greatly 
different from normally accepted values, e.g. D. A. Wright.“ 
(For barium oxide ¢ = 1-5, for the pure mixture ¢ = 1-3.) 
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Fig. 2. Showing relation between mean temperature 
and apparent conductivity 


© tube no. 3 BaO. & tube no. 9 BaSrO. 

® tube no. 5 BaO. + tube no. 4 BaSrO +24 %Zr0O. 
A tube no. 2 SrO. x tube no. 6 BaSrO +-5% Zr. 
-] tube no. 7 BaSrO. 


An attempt was made to measure the heat transfer with a 
constant small temperature difference, (J; — T,) by heating 
both disks and subtracting the input to that at lower tempera- 
ture from the heat which it dissipated. This was, however, 
found to be impracticable with the present power supply and 
measurement system. 


Probable error in Ky. The values of Ko, the true con- 
ductivity quoted in Table 1, are derived directly from the 
graphs and are subject only to errors in measurement of the 
quantities in equation (1). It should be noted that these 
values apply to the polycrystalline material and are probably 
several times lower than those for single crystals. 

Computation of the probable error from equation (1) gives 
a maximum of about 10° and this is the basis for the limits 
set in Table 1 on Ko. 


The absorption and scattering coefficient (<). The values of 
€ (cm) can be estimated as follows: 
As a first approximation to the heat transfer equation we 


may take: 


l 
He = KT, — T) + BIT}? — THe (2) 
where /, A, H, T,, T>, Ko have meanings as above, 
o = Stefan’s constant = 5:75 joules cm~?. s-!. °K~4 and 
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B = constant of dimensions (cm) which arises because of 
absorption and scattering in the medium. 

This equation assumes that the temperature gradient is 
constant and that black-body conditions prevail within the 
medium. The actual variation of the temperature gradient 
is not important since at low temperatures it is minimum 
and at high temperatures the first term in equation (2) is 
small compared with the second. Since equation (2) assumes 


black-body condition and since this implies that T; > (7, — T>) 
we may write the expression in the differential form: 
1\ ,AH ; 


Now van der Held®) gives the equation below for the 
apparent conductivity when black-body conditions apply, 
i.e. under the same restrictions. 


K’ = Ky + (16n?/3€)oT? (4) 


where 7 = optical refractive index, « = sum of absorption 
and scattering coefficients and both » and ¢€ are assumed 
independent of wavelength. 

Thus we identify B with 4n?/3e€ and rewrite equation (2): 


HA = Ko(T, — T2) + (T¢ — T)0(4n?/36) (5) 


This expression is, however, still true only when black- 
body conditions hold and the emissivities of the metal faces 
are effectively unity. 

O. A. Saunders) gives the expression: 


H/A = o(T} — paje 2/(2e — e*) (6) 


for the heat transfer between two plane parallel surfaces of 
total emissivity e, separated by a non-absorbing medium. 
Thus, a better approximation to the heat flow equation in 
the present work is obtained by introducing the factor 
p = e*/(2e — e*) to account for the error when 7; }> (7; — T>) 
Thus 
AS 


Ko(T, — Tp) + (4n?/36)p(Tt — T$)o (7) 


where p = e?/(2e — e) 


Evidently if we know both e and n? we can derive estimates 
of e. 


The values of e and n°, The values of n? for pure barium 
oxide and strontium oxide crystals are accurately known,@) 
and the values for a polycrystalline mass may be calculated) 
from the equation; 


K,, = Sa 
Ge : + 2) ~ 


(K, ama 1) 
(Ky + 2) 
where = fraction of volume occupied by crystals, 
K, = optical dielectric constant = n? for single crystal, 
K,, = optical dielectric constant of polycrystalline mass. 

The values calculated for K,,(—n?) for polycrystalline 
barium, strontium and barium-strontium oxides are given in 
Table 1 and the zirconium and zirconium oxide additions 
are assumed to have negligible effect. 

The value of e, the total emissivity of the nickel- -coating 
interfaces, was estimated by comparing them visually with 
similar surfaces of known emissivity, e.g. nickel oxide and 
carbon black, and a value of 0-8 decided upon. The value 
of p to be taken is thus 0-65 and the probable maximum 
error is +0°15. 

Computation of € from the equation (7) using the figures 
for e and n* discussed above gives the values shown in Table 1 


(8) 
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but it is to be stressed that they are estimates only. The 
nearly constant values of Bp shown in Table 2 indicate that 
equation (7) is quite a good approximation. i 


Table 1. Summary of results 
Kin 
Material at 6° G: e from known Ko W. cm-!. °C-1 : 
(cm) (cm) values : 
BaO 0-019 94 1:33 (0-50 + 0:05) x 107 
SrO 0-009 192 1:29 (0:43 + 0-04) 
BaSrO 0-0022 794 1:38 (0-35 + 0-03) 
BaSrO and 
ZrO2 0:0019 920 1:31 (0-35 + 0-04) 
BaSrO and 
and Zr 0-:0015 1160 1:31 (0:35 + 0-05) 


Table 2. Barium oxide detailed results 


W.cm—}.s—! °c4 HE Ws XG cm 
K’ A(T) AT H Tr Bo 
4-07 1:62 x 10-2 289 2-976 839 0-012 
3:93 1-194 Win ae AS? 778 0-012 
335 0-891 226 1-909 hate 0-013 
2°64 0-614 202 1-349 639 0-012 
2:06 0-448 183 0-951 571 0-011 | 
79 0-331 LT 0-776 530 0-012 | 
1-00 0-206 154 0-390 420 0-012 
0-78 0-112 121 0-239 341 0-00 
0:66 0-051 84 0-139 262 0-005 


4 
From this table K by graph = 0-50 x 10-4 (W. cm—!. °C—}). | 
Area = 1-76 (5) (cm?). Thickness = 0-07 (cm). ! 


SUMMARY AND CONCLUSIONS 


The values of thermal conductivity have been measured — 
and the sum of absorption and scattering coefficients estimated — 
for samples of typical oxide cathode materials in a condition — | 
approximating to that normally acceptable. The value of 
Ko, the true conductivity, was found not to vary greatly ‘ 
among the materials studied and was about 0°4 x 1074 
(W.cm-!.°C-!). The estimates of absorption coefficients, 
while not claimed to be individually accurate, should 
relatively be reliable. The values are different for the two . 
single oxides but both are less than 200. The much higher — re 
values for the double oxides may be due in part to the different » 
structures of the coating comparing ammonium precipitated — 
single carbonates with sodium precipitated double carbonates. — : 
The magnitude of the difference between the values for the + 
two single oxides makes it safe, however, to assume that 
this is not the only factor. 

An absorption and scattering coefficient « (cm!) implies + 
that in a distance 1/e cm the intensity of radiation is reduced — 
by a factor 1/e = 0-37. Thus for a normal oxide-cathode — 
coating of thickness about 0-1 mm the fraction of the radiation © 
leaving the base metal and passing straight through the — 
coating would be for barium oxide about one-third, for 
strontium oxide about one-ninth and for the mixtures a very 
small fraction. (i 


a 
> 
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Laplace’s equation holds without restriction. 


{he equation governing the vertical displacement of a 
iniformly stretched rubber membrane from its initial position 
41 the horizontal XY plane is 


(02h/dx2) + (07h/dy?) = 0 (1) 


ader equilibrium conditions, where h equals vertical dis- 
if acement, the pressure being the same on both sides of the 
3 This is Laplace’s equation in two dimensions 


membrane. 
tid this property of the membrane has made it valuable in 


eliphant and Moon.) It has been discussed in detail by 
| eynen® and Walker®) and used by Zworykin and 
#ajchman™) in the development of an electron-multiplier. 
| The theory used in deriving equation (1) assumed the 
Fension to be constant throughout the membrane and was 
Vasiid only for small inclinations of the membrane to its 
Vndisplaced position in the horizontal plane. Experiments 
} ave, however, shown the membrane to satisfy equation (1) 
lor quite large inclinations. In this paper a modification to 
Hine theory is suggested using less restrictive assumptions. 


PREVIOUS THEORY 


4} Consider the equilibrium of an element ABCD of the 
Woembrane (Fig. 1) with its edges parallel to the co-ordinate 
lanes. The membrane is assumed to be perfectly flexible and 
fhe pressure is the same on both sides, so that only surface 
orces need be considered. 

1) Let the forces perpendicular to the edges AD and BC, 
itue to the rest of the membrane, be F; and F, respectively. 
if the tension is uniform and equal to T then 


| F, = Tés and F, = Tds’ 

f the inclination to the y-axis is small then 

Ss ~ 8s’ ~ Syand F, ~ Fy ~ Toy 

Let 6 be the inclination of the membrane to the x-axis at the 
boint A(x, y). The net vertical force due to F, and F, will 
then approximately equal 

where § is the mean value of 6 along the appropriate edge. 
iSo long, however, as @ is small 


sin 6 ~ tan @ = dh/dx 

land equation (2) therefore yields 

TSy[Oh]0X) pc — (Oh/ dx) 4p] 

iwhere (dnjox) is the mean value of (0h/dx) along the appro- 
ipriate edge. 
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rubber membrane and the solution of Laplace’s equation 
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Previous theory of the rubber membrane predicted Laplace’s equation to hold only for small 
inclinations of the membrane to its horizontal undisplaced position. In practice the equation has, 
however, been found to hold for quite large inclinations. In addition, it has been observed that the 
motion of any point in the membrane is purely vertical for vertical displacements of the “‘elec- 
trodes.”’ This suggested that it is the horizontal component of the tension which remains constant 
and equal to the tension in the undisplaced position. 
} f It is interesting to note that this assumption is 
equivalent to assuming that vertical displacements satisfy Hooke’s law, which experiments have 
shown to hold for quite large inclinations. 


On this assumption it is found that 


But 
[(Oh[0X) pc — (Oh]Ox) 4p] ~ (07h/dx?)dx 


The resultant vertical force for edges AD and BC is therefore 
T(02h|[dx2)dydx 


Similar arguments hold for the net vertical force for edges 

AB and CD and if the element is in equilibrium 
T[(02h[dx2) + (07h/dy?)]dxdy = 0 
and thus equation (1) holds. 

So far, it should be noted, the assumptions have been, 
apart from perfect flexibility, that: 

(a) the resultant tension in the membrane is constant for 

all values of x and y; 

(b) the inclination of the membrane to either of the axes 

is small. 

Another way of regarding the equilibrium position of the 
membrane®?:4) is to examine the conditions of minimum 
surface potential energy which leads, with assumptions (a) 
and (b), again to equation (1). 


F; =T8s 


Fig. 1. Element of rubber membrane in equilibrium 


ALTERNATIVE THEORY 


On using the rubber membrane for the investigation of 
potential distribution it is observed that if the boundaries 
representing the electrodes are displaced vertically and if 
horizontal slip of the membrane across the electrodes is 
prevented, the motion of any point in the membrane is also 
purely vertical. This is seen to hold in regions where (0h/0x) 
and (0h/dy) are appreciable. So long as this observation is 
valid, then whatever the final configuration of the membrane, 
the horizontally resolved distance between any two points in 
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the membrane must remain constant and equal to their — 


distance apart in the horizontal undisplaced position. 

This observation suggested the assumption that, rather than 
the resultant tension T being constant throughout the mem- 
brane, it is the horizontally resolved tension 7) that is constant, 
Ty being defined as the horizontal force per unit length in the 
XY plane (and equal to the tension in the undisplaced 
position). 

The horizontal forces acting on edges AD and BC (Fig. 1) 
in opposite directions are then accurately given by 


Tody = F, cos 64p = Fy Cos Ope 
If this is the case the approximation 
sin @ ~ tan 6 


is no longer necessary and the resultant vertical force for 
edges AD and BC is given by 


Toy [(0h/0X) pc — 


leading, as before, to 


(dh/0x) 4p] 


Ty(07h/dx2)bxdy 


and hence to Laplace’s equation. So long as the above 
assumption is correct the rubber membrane should obey 
Laplace’s equation in two dimensions for all values of 
(d0h/0x) and (0h/dy). 


DISCUSSION 


Fig. 2 shows a section of the membrane displaced by an 
electrode. The capacitance of this electrode can be evaluated 
as follows.© 


rubber 
0 membrane 


To 


Fig. 2. Force F act- 
ing on “electrode” 
and displacing rubber 
membrane through 
height h 


electrode 


Let @ be the inclination of the membrane at a boundary 
and F the force required to displace the electrode; then for 
equilibrium, 

To f tan 7 ds = 1a 


where To is defined as before, and the integration is round 
the boundary of the electrode. 

According to the rubber membrane analogue, tan @ is 
equivalent to the electrostatic field intensity E and therefore 


ii pee p Eds = 4mrq 


where q is the charge residing on unit vertical length of the 
electrode. Since h, the vertical displacement of the electrode 
is equivalent to its potential, the capacitance C per unit 
vertical length is given by 


C = q/h = KF/Tyh 
where K is a constant. 
If the membrane accurately simulates the electrostatic 


field, then C must be independent of the voltage, ie. of h, 
and therefore 
FO Toh 


for a given configuration. 


Since Ty is assumed constant and independent of Ai 
follows that 


Foh 


ie. the membrane obeys Hooke’s law for vertical displace= } 
ments. The argument can be extended by considering the | 
equilibrium along any line of constant h. al 


EXPERIMENTS TESTING VALIDITY OF HOOKE’S LAW ! 


The rubber membrane ‘used was of unstretched thickness! 
0-046 cm and had a 30% stretch on a rectangular frame, the ql 
dimensions of which were large compared with the “‘electrode” § 
system. It was alined in the horizontal plane by means 0: b 

spirit levels, and two circular boundaries of radii 1 cm and | 
13-5cm_ respectively formed the “electrode” system of | 
coaxial cylinders. The outer “‘cylinder”’ was fixed below the 
membrane and loads were applied to the inner cylinder. 
Deflexions were measured by means of a micrometer screw | 
with twenty turns to the inch. 1 

The results obtained are shown in Fig. 3 which indicate 

that Hooke’s law is fairly well obeyed up to a deflexion of 


SO 


a ie RRS OES 


uw ae 
O ) 


Deflexion (cm) 
nh 
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Om: lO I) 
Load (kg) 
Fig. 3. Relation between the load applied to and the 
deflexion of the inner cylinder. The values of 0, the 
inclination of the membrane to the horizontal at the inner 
cylinder, were approximately 25°, 50° and 60° for 
deflexions of 1-0, 3-0 and 4-0 cm respectively 


about 4-0cm. Under these conditions the contour of the 
membrane was found to satisfy Laplace’s equation to within — 
5%, even though the inclination of the membrane at the inner — 
cylinder was as large as 60° with 4 cm deflexion. o 
The experiment was repeated with the inner ‘‘cylinder’”’ 
placed asymmetrically and linearity was confirmed over the — 
same range of deflexions. 


; 
A) 


CONCLUSIONS 


To account for the fact that the rubber membrane follows € 
Laplace’s equation fairly well for large inclinations, it is 
suggested that Tp, the horizontal force per unit horizontal — 
length of the membrane, is constant throughout the membrane — 
and equal to the tension in the undisplaced position. This 
assumption was suggested by the observation that any point 
in the membrane moves only vertically on vertical displace- 
ment of the electrodes. It is shown that if the assumption is 
true the membrane not only satisfies Laplace’s equation but 
also Hooke’s law for vertical displacements. Ny 
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Experiments confirmed Hooke’s law for coaxial cylinders 
} d also for an asymmetrical position of the inner cylinder for 
range of deflexions corresponding to an inclination of the 
jiembrane to the horizontal of approximately 60°. It is also 
own that Laplace’s equation holds for the coaxial system 
nder similar conditions. 
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hin Formvar films are extensively used in electron micro- 
ecopy as supports for many types of specimens and as replica 

Lims for the study of surfaces. The films are usually prepared 
»y pouring a solution of plastic over a microscope slide or a 
ksecimen surface, which is then held in a vertical or inclined 
sition to dry. This process not infrequently gives rise to 
hims of irregular thickness (local variations of up to 100% 
ave frequently been observed) and successive films from the 
lame solution may be of quite different average thickness. 
in some experiments carried out in this laboratory it was 
fecessary to have substantially uniform replica films and a 
Shew preparation technique was required. The description 
Wivhich follows refers to the preparation of replica films; for 
the formation of support films, a glass microscope slide is 
kubstituted for the specimen surface and the method is 


PREPARATION OF UNIFORM FILMS 


Factors affecting film thickness. The variable thickness 
encountered between successive films prepared by the normal 
ethod is due to differing amounts of solution applied to the 
; urface and to varying conditions of draining and drying. 
N\Local thickness variations are caused by streaming of excess 
lliquid down the surface upon which the film is being cast and 
Wi variation in the gross amount of liquid adhering to different 
parts of the surface. 
|. Method of preparation. Some control of film thickness 
ican be obtained by immersing the specimen to be examined 
jin a solution of Formvar in chloroform and withdrawing it 
slowly at a uniform rate with the surface held vertical. The 
\slower the rate of withdrawal, the thinner the resultant film 
| (due to increased drainage of film solution from the specimen 
surface into the meniscus). Local variations in film thickness 
| are also reduced in this way. 
| The first apparatus used to simplify this process was a 
1| cylindrical shaped evaporating funnel containing the film 
1) solution. The surface on which the film was to be cast was 
immersed vertically in the solution, which was then allowed 


* Now at Associated Electrical Industries, Ltd., Aldermaston, 
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A simple method has been devised for casting thin uniform films 
surfaces. The film thickness appears to be proportional to the concentration of the plastic in 
the original solution, and can readily be controlled over a range from 150 to 1300 A. 


- The rubber membrane and the solution of Laplace’s equation 
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of Formvar on flat solid 


to drain away through the tap. The rate of fall of liquid level 
down the length of the specimen is approximately constant if 
the specimen is relatively short compared with the head of 
liquid, and results in a fairly uniform film. Various film 
thicknesses were obtained by changing the concentration of 
the film solution. 

The liquid drained from the funnel in only 7 sec. The 
rapid flow gave rise to turbulence at the specimen/liquid 
boundary and also accentuated the end effects described 
below. This resulted in variations (up to +25%) in the 
thickness of films produced from a given solution. It there- 
fore seemed probable that if the flow time were increased the 
films obtained would be more uniform. 

The apparatus finally adopted was as shown in Fig. 1. The 
tubing below the ground glass tap of an evaporating funnel 
was replaced by a length of capillary tubing, which made the 
flow rate very much smaller. The top of the funnel had a 
loose fitting metal plate which reduced the atmospheric 
disturbance around the surface upon which the film is drying 
and also reduced the rate of evaporation of solvent. The 
cover plate was fitted with a simple spring clip which gripped 
the sides of the specimen and held the surface on which the 
film was to be cast vertically in the solution. Alternative top 
plates with clips suitable for different specimen sizes were 
made. The whole of the funnel and capillary was enclosed. 
by a constant temperature jacket (not shown) in order that 
the effect of temperature could be studied. 

The initial level of the film solution in the funnel was 
arranged to be well above the top of the specimen so that 
steady flow conditions had been achieved before the meniscus 
reached the specimen. The films were always allowed to dry 
in situ, after which the specimen was removed and the 
apparatus was washed through with two rinses of chloroform 
to remove any traces of plastic which might gradually alter 
the solution concentrations or block the capillary. 

Dimensions of the apparatus. The thickness of a film 
produced in the apparatus will be dependent on the con- 
centration of the solution, its viscosity, the rate of fall of the 
liquid meniscus and perhaps to some extent on the surface 
tension at the liquid/specimen boundary and on the vapour 
pressure of the solvent vapour around the drying film. 
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The rate of fall of the liquid meniscus is governed by the 
dimensions of the apparatus for a given solution. In con- 
sidering the requirements of the apparatus it is convenient to 
refer to the simplified model shown in Fig. 2. 


—B 


A— 


d=2r 


[a ese) is 
Cc 
Fig. 2 


Fig. 1. Film casting apparatus 


A, evaporating funnel; 8B, brass plate; 

C, clip for specimen; D, specimen; 
E, capillary tube. 

Simplified model of the film 
casting apparatus 


Fig. 1 Fig. 2. 


Assuming streamline conditions, the liquid flow from the 
funnel can be expressed approximately by Poiseuille’s equation 
for flow of liquids through capillary tubes, a term being added 
to allow for the gravitational pull on the liquid in the capillary 
itself. Thus, quantity of liquid discharged in unit time, Q, is 

ar 


87 & 7 | pe) 


where 7 is the viscosity of the solution, Pg and Pc are the 
pressures at B and C respectively, and p is the density of the 
solution. Since Py = Po, Pg — Pc = hpg and 


(1) 


0 Feat 


This neglects the effect of the kinetic energy of the liquid 
leaving the capillary, which introduces a small correction to 
the effective head (h + 1) of liquid causing the flow. Equa- 
tion (2) shows that / should be large compared with h if the 
flow rate is not to alter appreciably during the time the liquid 
is flowing out of the funnel. In practice, since the largest 
specimens which can be accommodated in the funnel must 
not extend beyond the cylindrical portion of the funnel and 
must be well immersed in the solution, the change of head 
across even a large specimen is hardly more than half the 
height / and is frequently much less. 

The dimensions of the apparatus used were 


(2) 


h=8cm d=0:15cm 
bE 2 Siem DSi Cin 
Using this apparatus, the change in flow rate between top and 


bottom of a large specimen was found to be about 6% and 
no resulting change in film thickness was detected. 
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Although this indicated that the apparatus dimensions 
were suitable for our purpose, it would be more convene 
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to choose the funnel length so that it would accommodate a » 
standard microscope slide for the preparation of support 
films. As the speed of liquid flow through the capillary at the ar 
lowest concentrations of Formvar in chloroform is approach- {j 
ing the critical value at which turbulent flow sets in, a sligh i 
reduction in capillary bore would be advisable if the best | 
results are to be obtained for very thin films. This would 
reduce the rate of fall of liquid level in the funnel and produce . 
films rather thinner for a given solution concentration than | 
those obtained in the experiments described here. | 

The dimensions of the specimen seem to be immaterial — y 
provided that the solution level can clear the top edge and that ‘ 
the lower edge does not extend into the region where the | 
funnel narrows towards the tap. The necessity to clip the } 
specimen by its sides will in general ensure that it is far | 
enough from the funnel walls to avoid any undesirable | 
boundary effects. ie 

End effects. On account of the collection of the film solu- | 
tion at the top edge of the specimen, the film thickness in ihe ] 
first 1-2 mm of surface is greater (20%-50%) than that over ‘i if 
the rest of the surface. However, the disturbance is restricted | | 
to this small area by the slow rate of fall of level and the® i 
consequent opportunity for surplus liquid to drain into the ) 
meniscus. There is likewise a slightly wider patch of thicker 4 
film at the bottom end of the specimen. These effects could, - oy 
of course, be reduced by using a capillary of smaller bore. 

It was found that the method was unsatisfactory with — 
metal specimens mounted in Bakelite or other plastic. The 
junction between the metal and the mounting secretes a 
quantity of the film solution, which flows down over the metal — 
surface after the liquid meniscus has retreated. This gives rise — 
to flow lines over the surface, across which the film thickness — 
varies widely. There does not seem to be any difficulty with — 
unmounted metal specimens of any shape so far encountered. 


RESULTS OBTAINED 


Measurements of film thickness. Three films were cast on — 
to glass slides from each of nine solutions of Formyar in — 
chloroform in the concentration range 0:5 to 5% (wt/vol). 
The films were cut longitudinally and the film thickness at 
the cut edge measured by Tolansky’s multiple beam inter- 
ference method”) over selected lengths of about 3mm. 
Because of the end effects, approximately 3 mm at each end a 
of the film was avoided. Between twenty-five and forty 
measurements were made on each film whenever possible. 

A further two films from each of eight solutions were pre- 
pared, and measurements were made at a number of random — 
points along the cut edges of the films using Dyson’s inter- 
ference microscope.) Dyson’s method is simpler to apply 
because the cut edge of the film is frequently jagged and 
unsuitable for an accurate determination of fringe shifts by 
Tolansky’s method. It is also less dependent on the clean- 
liness of the slide for its accuracy. However, the results 
obtained with both methods of measurement were in good ~ 
agreement. These films were cast on glass slides to simplify 
the preparation and measurement, but a few films cast on to 
metal gave results in agreement with those recorded below. 

The spread of individual thickness measurements for any 
given film was within a range of +10% of the average value, 
and for several of the films was within +5%. The average 
film thicknesses so determined were consistent within 3a 
for different films from a given solution for thicknesses greater _ 
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ian about 600A. The variation in the average value for 

Hiinner films was up to +7%. This was probably due to the 

F creased accuracy of measurement in this range. 

\ When the average of all thickness measurements for all 

t ms from a given solution had been calculated, it was found 
uat more than 907% of these measurements lay within +10% 

i this average. This overall average film thickness is plotted 


eainst the concentration of the film solution in Fig. 3 and 
hows a linear relationship. 
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Fig. 3. 


Relation between solution concentration and 
resultant film thickness 


e Tolansky’s method. x Dyson’s method. 


1| Films cast from a 2:5 °% solution at a range of temperatures 
}petween 0 and 30° C were found to be of constant thickness 
within the +10° variation found above. It was concluded 
“ihat normal variations in ambient temperature would cause 
significant changes in average film thickness from solutions 
bf this concentration (the one to be used in our future experi- 
ents) and no special jacketing arrangements were necessary. 
Viscosity of film solutions. Since the viscosity of the film 
solutions increased markedly with increase in concentration 
bf the Formvar, the time taken for a given volume of film 
olution to drain out of the funnel was noticeably affected by 


lEffect of concentration of Formvar on the flow time of a given 
volume of film solution 


Concentration of Formyar é 
in chloroform Flow time from funnel 


(%) (s) 


0 OOS 
OES 24 
1 30 
5 40 
2 57 
3 107 
4 200 
5 355 
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Thus, by timing the flow for the various solutions, a 
sensitive indication of any change in concentration, which 
would affect the film thickness produced, is obtained. In 
practice, it was found that a very large number of films could 
be cast from a solution before:the average thickness increased 
significantly. It is, of course, necessary to expose the solu- 
tions to the atmosphere as little as possible and to store them 
in well-stoppered bottles. 

It was also found advisable to check the flow time for the 
chloroform rinse from time to time, as this quickly indicated 
the presence of any obstruction in the capillary. 

Film thickness and interference colours. It was very 
interesting to note the interference colours of the various films 


' when floated on a water surface. The mounting films normally 


prepared are colourless, and have generally been supposed 
to be 100-200 A in thickness. The measurements now made 
show that colourless films may be up to 400 A in thickness 
and that in fact 150A films are so thin and fragile that it is 
unlikely that many films used for electron microscope supports , 
are of this order of thickness. The results for plastic replica 
films (usually assumed to be 400-500 A thick) are equally — 
surprising. The “thin film” plastic replicas usually prepared 
in this laboratory (requiring a thick backing film for safe 
removal from the specimen surface) usually exhibit a straw 
or blue coloration on a water surface. Such films were 
found to lie in the thickness range 750-1000 A. Films removed 
by dry stripping methods must be considerably thicker than 
this. Some further detailed measurements on replica films 
are to be published shortly elsewhere. 


CONCLUSIONS 


A simple apparatus has been devised in which Formvar 
plastic replica films of uniform and predictable thickness can 
be prepared. The resulting films appear to be much cleaner 
than those prepared by the standard methods. The method 
can therefore be used with advantage for preparing support 
films for other specimens for the electron microscope. Once 
the apparatus has been calibrated, films of any desired 
thickness may be prepared without further measurement. 

The accuracy of +10°% in film thickness was adequate for 
the work envisaged, and further refinements were not 
attempted. This degree of variation may well be due to 
microscopical particles on the surface which are extremely 
difficult to remove. : 

It seems very probable that the method could be used for 
preparing thin uniform films of other liquid-soluble plastics. 
for other applications. 
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On the representation of rheological results with special reference 
to creep and relaxation 
By P. FELTHAM, M.Sc., Ph.D., F.Inst.P., Department of Metallurgy, The University, Leeds 
[Paper received 21 July, 1954] 


The remarkable qualitative similarity in the response of solids of widely different structures to 
applied stresses, particularly in creep and relaxation, is ascribed to relaxation centres all of which, 
in a given solid, have approximately the same heat of activation, but, on account of variations in 
their geometry such as shape and size, have different entropies of activation. A normal distribu- 
tion of entropies of activation is shown to lead to a log-normal spectrum of relaxation times of the 
type originally proposed by Wiechert on heuristic grounds. Boltzmann’s superposition principle 


and the relation between creep and relaxation 


distribution yields a form of stress relaxation curve common to many solids, as well as Andrade’s 

ts-creep law. Experimental data, given in the literature, on the creep and relaxation in pure 

polycrystalline aluminium, rubber, polymethylmethacrylate and ceramics are shown to be in good : 
agreement with the theory. The significance of Nutting’s law of deformation is discussed. 


Stress relaxation curves of solids of vastly different structures, 
as for example polycrystalline aluminium of high purity, 
polymethylmethacrylate,@ ceramics,©) and an abundance of 
others show a pronounced similarity. Parallel observations, 
relating to the similarities in the character of creep curves, are 
best exemplified by the f}-creep law, sometimes known as 
Andrade’s™ B-flow, which is obeyed by many polycrystalline 
metals at high temperatures,“:>) by concrete, rubber, 
celluloid, and many other diverse materials to a high 
degree of accuracy. 

The striking similarities in the laws of deformation of 
materials of widely differing structure and chemical com- 
position haye frequently attracted attention and have been 
discussed by Scott Blair®) and co-workers, and more recently 
by Umstitter.“% In these discussions the emphasis was 
upon stress relaxation under constant strain, while in the case 
of creep under constant stress Kennedy“! reached the con- 
clusion that an aggregate possessing very simple properties 
may provide, statistically, a creep law of the Andrade fr} type. 
The view that the ¢}-law, as observed in many metals, repre- 
sents the statistical expression of a transition from the 
unstressed state of static equilibrium to a state of dynamic 
equilibrium characterized by the stage of steady, constant 
creep rate was also expressed by Feltham.“!2) 

In the particular case of pure metals Mott 3) was in effect 
able to deduce*the #}-law on the basis of the assumption of 
random stress fluctuations on a submicroscopic scale, and 
some of the implications of the theory were found to be in 
agreement with data on the creep of a number of metals and 
alloys published in the literature, 

The principal purpose of this paper is to show that it is in 
effect possible to account for the characteristic similarities in 
the stress relaxation and creep behaviour of materials on the 
basis of a generalized statistical model. 


THE STATISTICAL MODEL 


The assumption is made that in a hypothetical, stable solid, 
the physical properties of which are not further specified, there 
exists a distribution of relaxation centres. In view of the 
well-known sensitivity to temperature changes generally 
manifest in creep and relaxation, each centre is associated 
with a temperature-dependent Maxwellian relaxation time, 
i.e. the relaxation time of a centre characterized by the 
subscript / is given by 


7, = (1/v) exp (AF,/KT) 
where v is a vibrational frequency and 


(1) 


King 


ings 


fee tut 


derived by Zener are used to show that this 


RR Cities! ay Sone 


where AH, and AS, 
respectively. ai 

Now, from Ké’s) results on the stress relaxation and slow. 
creep in 99-991°¢ polycrystalline aluminium the heat of | 
activation appears to have a single value which is close, or- 
equal, to that of self-diffusion. In the case of the viscosity 
of long-chain paraffins Flory“? has also established that the 
entropy but not the heat of activation depended upon the 
chain length. Since the heat of activation of relaxation | 
processes and of viscous flow should be approximately equal | 
in the absence of crosslinks, >) it can be inferred that the heat 
of activation will be approximately the same for every. 
relaxation centre. This invariance of the heat of activation 
in organic long-chain compounds was explained by Eyring | 
and Kauzmann® by the help of the conception that the” 
chains do not move as rigid wholes but piecemeal, the 
elementary displacement being due to a relatively small 
number of links. : 

The assumption will therefore be made that in the hypo-— 
thetical solid under consideration, which may be repre-_ 
sentative of an annealed metal or other homogeneous 
material, AH, will have the same value AH irrespective of 1 
while AS, will depend upon geometrical features, such as the - 
entanglement in the case of Jong-chain molecules, i.e. upon 
the shape and dimensions of the relaxing centre. Now for a 
given, arbitrarily chosen J, say J, a probability po is defined — 
by Boltzmann’s relation 

AS;, = hin Po 
and we assume that to a first approximation 
AS, = k In pe (2) 

If, reverting to the above example, /) were to refer to the - 
length of a characteristic molecular segment capable of — 
surmounting the energy barrier AH, then equation (2) implies 
no coupling between the ///) segments of the chain or relaxing ~ 
unit of length /. In view of the large number of degrees of 
freedom of most polymer chains, this approximation is not 
likely to introduce large errors particularly if, as would 
generally be the case, the range of //Jp is comparatively small. ~ 

Using equation (2), equation (1) can then be written: 
In i + Inv = AA/kT = (U/1p) In Do 

In [7 exp (—AH/kT)] = al 
a = In (1/p'//o) = const. 


are the heat and entropy of activa 


Nee. 


“ 


\ 
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or 


(3) 
where : 
Further, equation (3) implies that a normal distribu- 
tion in / will correspond to a log-normal distribution in — 
Tv exp (—AH, /KT), or, since AH is assumed independent of /, 
and v exp (—AA/kT) is therefore a constant factor associated 
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th all relaxation times in that distribution, to a log-normal 
}tribution of Maxwellian relaxation times. Such a distribu- 
i was first proposed by Wiechert“” on heuristic grounds, 
appears to be of very wide occurrence. 
(Thus Jenckel and Klein®) experimentally established the 
listence of a log-normal distribution of Maxwellian relaxa- 
(n times in polymethylmethacrylate, Jenckel and Fuehles“®) 
| Buna-S, Tobolsky and co-workers“?:2 in other rubbers 
Wid polymers. The relaxation spectrum for some ceramics, 
: [pressed by Macey®) for mathematical convenience by a 
pdified Hankel function of the second kind, can at least 
/ well be represented by a log-normal distribution which, 
t will be shown, is also implied by the creep and relaxation 
7 periments carried out by Ké®) on pure polycrystalline 
minium; it would probably be found to account also for 
Je relaxation curves of iron,@” steel,C?) and other metals. 


THE GENERALIZED RELAXATION FUNCTiON 


Wich is subsequently maintained at the initial strain, and let 
1}; = o(t) be the stress as measured after time ¢. For a given 
}iaxwell element of Newtonian viscosity 7 and shear modulus 
}|. stress relaxation under constant strain obeys the law 


i o/o9 = exp (—t/7), T= H/C 

fhe normalized log-normal distribution F[In (7/7*)] is defined 
Be {ln (7/7*)] = bln (7/7*)]d In 7 

1} = (b/\/7) exp { —P*[In (z/7*)P $d In + (4) 


Winere 7* is the relaxation time corresponding to the maxi- 
jeum, b/4/7, in the distribution curve x[In (7/7*)]. 

'The stress relaxation resulting from the linear super- 
sition of a log-normal distribution [equation (4)] of Max- 
}rellian relaxation times is then 


= 2 
=o an exp (— *) exp | - (in =.) Jain (5) 
0 WT ar 7* 
} = 0) 
4} The model represented by this integral consists of an array 
})f Maxwell elements connected in parallel, but not otherwise 
Hjoupled. The justification of the use of this model is to be 
Wound in the theorem®} that the stress relaxation of any 
issembly of parallel and series connected systems of Maxwell 
filements can be represented by the relaxation of an equivalent 
jystem of such elements connected in parallel. The relaxation 
t mes of the individual elements of the equivalent distribution 
jivill be related to the relaxation times of the actual sub- 
Wmicroscopic processes occurring in the solid in a manner 
Wpnalogous to the relation between the frequencies of oscilla- 
Hiions and the normal modes of a system of coupled Hookean 


I 
d 


Hbscillators. Thus the detailed physical interpretation of the 

} ignificance of the relaxation times as used in equation (5) 
jvill in general be a matter of considerable difficulty, as was 
hiso pointed out by Roesler and Pearson“) in their recent 
! ork on the determination of relaxation spectra, though 
some attempts at interpreting them have been made, i.e. in 
the case of rubbers,@5) and metals.@° 


hic do be the initial stress applied to a specimen of a solid, 


Form. A simple, approximate solution in terms of the 
tabulated error function can, however, be obtained by 
riting instead of equation (5): 


Gramtenl = “oar T ‘ 6 
3 -7,{ | (In =) dint (6) 
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Now, the integral in equation (5) cannot be solved in closed — 


obtained from the integral in equation (5) by replacing 
exp (—1/7) by a cut-off function which is zero for log 7 < log f, 
and unity where log 7 > log ft. An indication of the approxi- 
mation involved can be obtained from Fig. | in which 
exp (—1/T) as well as the step function are plotted against 
log,o (t/7). The error introduced by using equation (6) 
instead of equation (5) will depend to some extent upon the 


}O-— ==> 


sh 
step function] 
exp (4/7) 4 
Fig. 1. 
Approximation to 
the relaxation 


Value of step function or of exp (-+t/7) 


O4 4 
term exp (—1?/7) | 
by a step function = | 

4 
Oo Ae ET 
De =| Olea ais ae4 


Log, (t/ 7) 


value of b, but with values of b such as occur most frequently 
in practice it will be unimportant, at least over the major part 
of the spectrum, and a more detailed examination of its nature 
will not here be attempted. Physically, the replacement of the 
exponential term by the step function implies that the behaviour 
of individual relaxing centres is not truly Maxwellian, but 
that a centre to which a relaxation time 7 is ascribed (at a 
given temperature) remains unrelaxed up to the time f = 7, 
at which instant complete relaxation occurs. It is possible 
that in some materials, such as metals,“ the latter mechanism 
would in any case present a better description of the actual 
process of relaxation than the one implied by equation (5). 
The solution of equation (6) is: 


= = aL + erf (6 In 3) (7) 


with the convention that if t > 7* then 
erf [b In (r*/t)] = — erf [6 In (¢/7*)] 


The stress relaxation curve under constant strain is there- 
fore determined by the parameters b and 7*, which also 
determine the log-normal spectrum [equation (4)], with 
a/O9 = 4 when t = 7*. 


STRESS RELAXATION 


Jenckel and Klein,2) and Tobolsky and co-workers,(?2® 
studied stress relaxation in a number of linear and cross- 
linked polymers, and deduced a log-normal distribution of 
relaxation times empirically from the curves of stress relaxa- 
tion under constant strain by graphical methods. In par- 
ticular, complete data on the stress relaxation of a poly- 
sulphide rubber (H.JJ) were available, and these were used 
to examine the applicability of equation (7) in this particular 
case. As can be seen from Fig. 2, there is good agreement 
between the curves of Tobolsky and Stern,“ shown as full 
lines, and the circles calculated by means of equation (7), 
with values of b shown in the legend. These were found to 
increase linearly with the temperature over the whole range 
employed (40-100° C), implying a progressive increase in the 
peak and a corresponding narrowing of the relaxation 
spectrum. The displacement of 7* with temperature, along 
the time axis, is shown by Tobolsky and Stern to result from 
a heat of activation AH = 22-9 kcal/g.mole. 

It should be noted that the value of b increases, and the 


IN POLYMERS 
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spectrum thus becomes narrower, as the temperature is 
increased. The curves of stress relaxation (Fig. 2) cannot 
therefore be superimposed by displacements parallel to the 
time axis. However, in stable solids it is implied by equa- 
tion (3), and by the constancy of the parameter «, that the 
shape of the spectrum, and consequently also the shape of the 
relaxation curve, should not depend upon the temperature, 
and this, as will be seen, is found to be the case in metals. 


LO 


: Hours 
Fig. 2. Stress relaxation at constant strain in poly- 
sulphide rubber (H.//). Full lines represent experimental 
results; circles from equation (7) with the following 
values of b: 


r€ 40 50 60 70 80 90 100 
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The anomaly observed in rubbers, and also in other 
polymers, is to be expected in view of the changes in poly- 
merization equilibria, i.e. the average chain-length decreases 
on account of the partial breakdown at elevated temperatures. 
These phenomena are reflected in the high positive tem- 
perature coefficient of the specific heat, and in the associated 
changes in the total entropy. 

While none of the considerations leading to the equations 
of stress relaxation would be invalidated in systems subject to 
such structural changes, the parameter « [equation (3)] 
would have to be assumed to vary with the temperature. The 
functional form of the distribution function of relaxation 
times need not be affected. 


STRESS RELAXATION AND CREEP IN METALS 


Creep under constant stress and stress relaxation at constant 
strain in annealed polycrystalline aluminium wire of 99-991 % 
purity was measured by Ké) in the temperature range 
150-375° C by means of a simple technique utilizing the 


principle of a moving coil galvanometer. Since the experi- - 


ments were conducted only at a low level of stress, the 
current passing through the galvanometer gave a direct 
measure of the shear stress acting on the test wire which 
formed the suspension; the deflexion d = d(t) of the galvano- 
meter gave a measure of the deformation. The creep strain 
€ = e(t) and the deflexion are then related by 


€ & (d/dy) — 1 (8) 

where dp is the immediate initial deflexion. 
The full curve in Fig. 3 represents the stress relaxation curve 
as measured by Ké; o and gp here denoting the instantaneous 


and initial values of the shear stress respectively. The circles 
were obtained from the equation 


Wey ed ie 
Re if: + erf (6 In =) (9) 
with 6 = 0-227 and 7* = 53 seconds at 200°C. The stress 


o, may be regarded as a yield stress below which stress 
relaxation no longer occurs. Zener®@7) has shown that in the 
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involving grain boundary slip 
o,/o) = 2(7 + 58)/5(7 — 48) 
where @ is Poisson’s ratio. With 6 = 0-355, obtained by 


at 30°C, o,/o9 = 0-636, in good agreement with the value}. 
of 0:65 adopted in applying equation (9) to Ké’s data. f 
Poisson’s ratio thus appears to be a significant parameter in 
both creep and relaxation, a fact which does not seem to havet: 
been utilized to any appreciable extent in the study of th } 


non-Hookean: behaviour of solids. (See, however, Cher- } 
kasov,2) and Liotsau and Rovinskii.C®) 
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Fig. 3. Composite curve of shear stress relaxation in — 
99-991 % polycrystalline aluminium. Full line represents | 
experimental results ;“ circles from equation (9). 
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Ké further observed that the relation between creep under / 
constant stress as defined by the creep function d/dy [equa- } 
tion (8)], and the stress relaxation function o/d0, ' 

(d/do)(a/o9) = 1 (10) 
derived by Zener,3) correlated his experimental results on § 
creep and stress relaxation in aluminium to a high degree of | 
accuracy. The standard deviation between experimental | 
values of the creep function and corresponding ones cal-| 
culated from stress relaxation data by means of equation (10), ! 
based on about ten points per curve, amounts to less than § 
0:01. In Fig. 4 a constant multiple of (d/dy) — 1 [equation § 
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Fig. 4. Composite creep curve of 99-991% poly- 
crystalline aluminium. Circles represent experimental 
results ;‘!) the full line corresponds to Andrade’s t}-creep 
law, equation (11). 
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(8)] is plotted against time on log-log co-ordinates. The 
circles represent both the direct experimental data on creep’ 
and the creep data deduced from the stress relaxation curve - 
(Fig. 3) by means of Zener’s relation [equation (10)] by Ké. 
The equation of the full line drawn through the points is 


€ = Br0-333 (11) 
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vhere B is a constant at any given temperature at the in- 
}ariant, constant stress used. Equation (11), which represents 
}i.ndrade’s f-flow, thus appears as a direct consequence of a 
ode of stress relaxation derived from the superposition of 
| distribution of relaxation times of the type postulated. 
ince equations (7) and (9) can be regarded as functions of 
7*, where 7* = 7* exp (AH/KT), and 7, is a constant, 
quation (11) can be written in the form 


| 
: € = Bolt exp (—AH/kT)]! 


3) result derived by Mott!) for the transient creep of pure 
netals by a different method. 


utting©”) first showed that the empirical relation between 
Fre time, the stress and the strain or, more generally, between 
Me time and the corresponding components of the deviators 


if the tensors of stress and strain, of the form 
: h = €—lontk (12) 


ent itself very well to the description of the deformation in 
pany materials. In that equation n, k and p are constants 
Which may, and generally do, vary with temperature. With 
WsTerent values of the exponents n and k various types of 

behaviour can be described, some special cases being the 
iookean solid (n = 1, k = 0), the Newtonian fluid (n = 1, 
ia 1), or the visco-elastic body capable of non-Newtonian 
Wiow and of stress relaxation (n = 1, 1 >k > 0). 


G/O9 = (t/t,)~™, (13) 


yhere f, is a constant the significance of which becomes obvious 
Pe comparing equations (12) and (13). If the material has a 
Wield point, the left-hand side of equation (13) must be 
Wnodified and expressed as in equation (9). 
Owing to its mathematical simplicity Nutting’s equation as 
juch, or the power laws of creep and relaxation consistent 
jvith it, have frequently been used for the interpretation of 
i:xperimental data obtained in the study of the deformation 
Vif materials. Scott Blair) and co-workers, who examined 
W\he applicability of Nutting’s equation to about forty organic 
jaterials, including polymers, bitumens, rubbers, etc., by 
ii:xperiments on creep and on stress relaxation, came to the 
tonclusion that equation (12), but particularly the power law 
bf stress relaxation which it implies, described the experi- 
mental data in most cases with reasonable accuracy only for 
imited periods, e.g. from a few seconds to a few hours. 
Buchdahl and Nielsen,@3) who used Nutting’s equation for 
he representation of their data on the deformation of poly- 
Nstyrene, confirmed this view. Similar limitations were 
ibbserved in the power law of the stress dependence of the 
reep rate, characterized by the exponent 1 in equation (12). 
The stress dependence of the creep rate of several types of 
steel was shown by McVettyS* to obey the power law only 
Mover a limited range of values of o. 
Nutting’s equation, though of considerable practical value 
for the presentation of rheological data, is therefore of com- 
iparatively little value for predicting the long-time creep or 
relaxation behaviour of materials by extrapolation from 
short-time tests, unless the nature of its limitations are under- 
lstood. Its wide applicability suggests that it may embody an 
approximation to more general laws of deformation, and that 
the observed restrictions upon the ranges of the variables 
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within which it applies in any particular application arise as. 
aconsequence. This will be shown to be the case by examining 
the nature of the power laws of stress relaxation and creep 
which can separately be derived from it. 


THE POWER LAW OF STRESS RELAXATION 


Let [In (7/7*)] represent that spectrum, of Maxwellian 
relaxation times, on a logarithmic base, which will yield a 
power law of stress relaxation [equation (13)] by linear super- 
position. Then 


i const. = Jee Cot/n) thm (In =.) din T 
US 


dt 


T 


co 
or t~™ < const. = | exe C=/2) thy (In =) 
FE GE 
which, by the use of the transformation 7 = |/u and subse- 
quent Laplace inversion, yields 
4 fi 


bn (in @) = o( My =cexp(—min3) (14) 


where c is a normalizing constant. If 79 is the smallest 
relaxation time in this spectrum, then the integral of the 
distribution function 


F,,(1n =) = iG 4) din + 


yields, after substitution for %,,,[In (7/7*)] from equation (14), 
integration and normalization: 


T = To m 
F,(In) = 1 — (2) 


From equation (15) it then follows that 


d\n [ ~F,(in-3) |/aine = —m 


so that a log-log plot of 1 — F,,[In (z7/7*)] against 7 should 
give a straight line of slope —m. A comparison of 
1 — F,[In (7/7*)] with 1 — F[In (z/7*)], where F[In (z/7*)] 
refers to the log-normal distribution [equation (4)], is shown 
in Fig. 5. The points represented by circles in that figure were 
obtained from the log-normal spectrum of Maxwellian 
relaxation times as determined by the dropping-sphere method 
in polymethylmethacrylate at 80° C by Jenckel and Klein.© 
The full, straight line is derived from a corresponding section 
of the spectrum leading to a power law of stress relaxation 
[equations (15) and (16)]. The absolute value of its slope is 


m= 0-14 (17) 


and this is approximately equal to the average slope of Jenckel 
and Klein’s curve in the restricted interval extending from 
about 0-1 to 100sec. Outside this interval no agreement 
exists. 

Nevertheless, if measurements of the stress relaxation are 
confined to the interval extending from about 1 to 100 sec, 
the contribution to the relaxation by Maxwell elements 
having relaxation times of less than 0-1 sec or more than a 
few hundred seconds will be small, so that the lack of agree- 
ment between the two spectra outside these limits will not 
have an appreciable effect on the mode of relaxation over 
the interval to which observations are assumed to be con- 
fined. Also, it must be borne in mind that on a linear 7-scale 


+ 
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(15) 


(16) 
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the log-normal spectrum would cease to be symmetrical, the 
section of the log t-range extending from — oo to the origin 
condensing into the interval 0<.7< 1. The fact that the 
log-normal distribution has a maximum whereas the distribu- 
tion corresponding to Nutting’s law [equation (14)] has no 
maximum may also remain of no significance in stress 
relaxation experiments in which, for example, the peak of the 
log-normal spectrum lies in a range of relaxation times far 
below the resolution of the method of time measurement 
employed. In fact, experiments carried out by Feltham>) on 
the stress relaxation of ordinary, untreated polymethyl- 
methacrylate maintained at 80° C by means of an electrically 
heated oil bath built into a Hounsfield Tensometer, gave a 
good straight line for the log (c/o 9)/logt plot for stress 
relaxation under constant strain, over the entire range 
investigated, i.e. from a few seconds to about a hundred 
seconds. The absolute value of the slope, m = 0-12 was in 
reasonable agreement with the value m = 0-14 [equation (17)] 
obtained by the straight line approximation to Jenckel and 
Klein’s results, shown in Fig. 5. 


I-F (¢nt/7*) 


Logjo7 


Fig. 5. The relation between F[In (z/7*)], the integral of 

the log-normal distribution function [equation (4)] as 

measured in polymethylmethacrylate at 80° C by Jenckel 

and Klein, and the integral of the distribution function 

corresponding to a power law distribution of Maxwellian 

relaxation times. Full line from equations (15) and (16). 
(v expressed in seconds) 


The power law of stress relaxation [equation (13)] will 
therefore be found suitable for the representation of experi- 
mental results if the true distribution of relaxation times 
approximates with reasonable accuracy to a power law 
distribution [equation (14)] over a range of log t which is 
approximately commensurate with the range of log ¢ in which 
measurements are actually made. 


STRESS DEPENDENCE OF THE STRAIN RATE 
NUTTING’S EQUATION 


IN 


For creep rates such as are generally observed in practice 
the value of the exponent n of the stress [equation (12)] takes 
values which lie most frequently in the range 1—2 in the case 
of polymers and other organic materials tested at room tem- 
perature.©) In ice Nye@® finds n = 3 to 4, while in magnesium 
Roberts®” obtains n = 4-0. 

Now it was pointed out by McVettyS® that the stress 
dependence of the creep of several steels can be described 
with greater accuracy if (o/o,)” is replaced by sinh (a/o,), 
where o, is a temperature-dependent constant characteristic 
of the particular metal. In fact, in a number of cases of 
creep at elevated temperatures McVetty determined the errors 
introduced by using the commonly employed power law 
instead of the ‘“‘sinh’’-law, and constructed nomograms for the 
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evaluation of o, from conventional representations of cr 
data. The “sinh” -law is in fact to be expected to apply o1 
the basis of the applicability of the theory of rate processes t¢ 
creep in metals 26-38) and other materials. A reconciliatior 
with the power law would require that 
d log [sinh (o/,)|/d log (a/a,) = 1 

over wide, experimentally often encountered, ranges of oO, 
It is easily seen from a log-log plot of sinh (a/c,) against o/¢, om 
that this is the case. Although there is a certain arbitrariness } 
involved in fitting straight lines to a curve of steadily increasing | 
slope, a good fit is obtained by lines with slopes n = 1:0, } 
1-7 and 4-0 over the ranges 0 < o/o, < 1, 1< o/o, < 2° 6, | 
and 2:6 < a/a, < 5:5 respectively. These values of n are | 
charactoristis of the magnitudes of this index most frequently 
reported. i 

CONCLUSIONS 


The principal conclusions which can be arrived at from th q 
present research are as follows: 


materials of vastly differing structures and chemical come | 
positions can be accounted for with considerable accuracy on } 
the basis of an assumed log-normal distribution of relaxation” 
times. at 
(2) The creep law derivable from such stress relaxation f 
curves by Zener’s method can be identified as the Andrade } 
ts-law which is known to be of wide occurrence. é 

(3) A log-normal distribution of relaxation times can ba 
derived on the assumption, justified experimentally for a 
number of materials, that the relaxing centres in the solid” 
have the same, or almost the same, heat of activation, with f 
the further hypothesis that the configurational entropies ofl 
activation which are to be ascribed to the relaxation centres” 
are normally distributed. : 

(4) The relation of the relaxation times of the log-normal 
distribution to the relaxation times of the actual molecular 
or atomic processes is complex. 

(5) Nutting’s law of deformation represents an approxi- 
mation to more general laws over ranges of the variables 
which, though restricted, are nevertheless sufficiently wide to 
permit its use, or the use ‘of the power laws of stress relaxation 
at constant strain and of creep under constant stress implied 
by it, in many practical applications for the presentation of | 
rheological results. 
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sheet of X-ray film for a series of times. 


| obtained with the counter. 
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WAlthough the initial discovery of radioactivity resulted from 
its action on a photographic plate, electronic instruments 
have to-day become accepted as the first choice for detecting 
nd, more particulaily, for measuring radioactivity. It has, 
however, been shown that photographic emulsions can, with 
/ uitable methods for internal calibration, be used to give 
reasonably accurate comparisons. Zuber“) obtained an 
bverall accuracy of 20% when using autoradiography for 
omparing radioactivities, and Dudley and Dobyns”) assessed 
pee relative activities of different parts of a histological 
Msection by measuring the photographic densities of an 
Sautoradiograph with a microdensitometer and calibrating the 
Hresults with densities produced by exposure to sources of 
Nicnown activity. In addition it has recently been confirmed 
h hat the response of photographic emulsions to f-particle 
exposures obeys the reciprocity law,@) and data obtained 
\during that investigation suggested that comparisons made by 
autoradiography may be almost as accurate as comparisons 
made with a counter. 

| The experiment, already reported in outline,“ was designed 
Ito test this suggestion more fully, and was planned in the 
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densities of the processed film, the results agree 
Even visual density matching afforded accuracy adequate for many 


tracer experiments. Circumstances in which autoradiography may be preferable to the use of a 
counter are also discussed. 
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Comparison of radioactivities by the use of X-ray film* 


By A. N. Davenport, Ph.D., and G. W. W. STEVENS, Ph.D., F.R.P.S., Kodak Research Laboratories, 
Wealdstone, Harrow, Middlesex 
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A direct comparison has been made of the use of a counter and of autoradiography as alternative 
methods for measuring relative radioactivity. The silver contents of a number of uniform photo- 
graphic images were determined analytically, and portions of these images were quantitatively 
converted to silver iodide in the presence of 1311. 


with a counter and by autoradiography, the sources 
When the activities were assessed by measuring the 


The resultant sources were compared both 
being placed against different areas of a 


d with the analytical data as well as did those 


following way. A photographic step-wedge image was 
tested for uniformity, and then cut into halves. On one half 
the silver contents of all the steps were determined by direct 
chemical analysis, and on the other, the images were quanti- 
tatively bleached to silver iodide in the presence of the radio- 
isotope '3!I. It has already been shown that measurement 
with a counter of samples treated in this way permits the 
relative silver contents to be estimated with a precision of 
1°%.0) The bleached strips were assessed both by the counter 
and by autoradiography. The tests thus permitted not only 
direct comparison of results obtained with the counter and 
autoradiography, but also allowed either method to be 
directly compared with the results given by chemical analysis. 


EXPERIMENTAL 


Pairs of 12 x 9mm samples were cut from the two halves 
of a photographic step-wedge image on film. When the 
optical densities of the pairs of specimens were measured, 
the readings were equal up to a density of 1-0, and did not 
differ by more than 0:01 up toa density of 2-0. 

One set of samples was used for a chemical determination 
of the silver contents of the images. The silver in the second 
set of samples was bleached to silver bromide, with a ferri- 
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cyanide-bromide solution, which was then converted into 
silver iodide in a solution of potassium iodide containing 
radioactive !3!I ions.©) 

In order to reduce the time required for the autoradio- 
graphic exposures and thereby eliminate the need for applying 
decay corrections, the iodide used for the conversion was 
adjusted to the rather high specific activity of 12-5 me/g. 
Such a high activity was, however, in no way essential and 
was merely used for convenience in the present experiments. 
To simplify handling the small specimens, they were mounted 
together on a glass plate coated with an adherent layer of 
Kodaflat, from which they were removed after conversion, 
washing and drying. 


Assessment with a counter. 


The relative radioactivities of the specimens were compared 
with a Geiger counter, each specimen being covered with a 
3 mm thick brass mask, so that effectively only the radiation 
passing through a 6mm diameter window could reach the 
counter tube.©) A minimum of 5000 counts was recorded 
for each specimen, so that a probable error of 1% was to be 
expected, and the figures were corrected for the resolution 
time of the counter. 


Assessment by autoradiography. 


The radioactive specimens were remounted on a glass plate 
and a series of autoradiographs was then made by pressing 
the array of samples against different areas of a sheet of a 
high-speed, non-screen, X-ray film for periods of 34, 5, 7, 
10, 14, 20, 28, 40, 56, 80 and 114 min. This range of times 
ensured that the maximum density produced by the weakest 
sample was greater than the minimum density produced by 
the strongest, so that the results could be evaluated by 
finding the times required by the specimens to produce a 
common density. 

The exposed film was developed in Kodak D.19b developer 
in a deep tank with intermittent agitation for 10 min at 20° C, 
this full development being chosen to reduce errors due to 
uneven development. A typical autoradiograph made using 
nine different exposure times is shown in Fig. 1. 


Fig. 1. 
(activity increasing down vertical columns) pressed 
against X-ray film for times increasing fiom left to right 


Autoradiographs produced by array of samples 


Assessment of the autoradiographs. 


The autoradiographs were assessed firstly by density 
measurement, and secondly by visual judgment. The results 


W. W. Stevens 


of the first method should therefore indicate the accura, 
obtainable when a photometer is available, whilst those o 
the second show what can be achieved with the absolut 
minimum of equipment. : 

1. By density measurement. The densities given by th 
series of exposure times with each specimen were plotte d 
against the log (exposure time) on a large scale. This gave 
series of characteristic curves of similar shape, the position | 
of each curve relative to the log (exposure time) axis being 
governed by the activity of the sample (Fig. 2). Hence the } 


pane 


|: 
Log (exposure time) 


Fig. 2. Characteristic curves obtained by measuring the — 
densities of the autoradiograph (see Fig. 1). Silver — 
contents increasing from curve 1 to curve 10 


activity of each sample relative to that of the strongest could 
be determined from the displacement between the corre= 
sponding curves. Average values for these displacements _ 
were obtained by taking the mean of measurements made on 
the graphs at density intervals of 0:2. 

2. Visual density matching. The log (exposure timed if 
required for each specimen to produce an arbitrarily chosen — 
density was estimated visually without instrumental aid. 
Comparison pieces for this purpose were made by exposing — 
X-ray film to light, through a mask having an aperture of - 
the same shape and size as. the specimens. Comparison — 
densities were within the range common to all the specimens, — 
but knowledge of their actual values was quite unnecessary. — 
The comparison pieces were used by laying them in turn | 
against the series of densities produced by one specimen ~ 
until a match was obtained. When the comparison density . 
obviously resulted from an intermediate exposure, an inter- 
polated value for the log (exposure time) was estimated by — 
using the assumption that the density/log (exposure time) © 
dependence was linear over a small interval. With a little — 
practice, it was found that ten specimens could be assessed — 
carefully in 15 min. Judgment of the samples in this way : 
was carried out by two operators, each using two comparison — 
densities. 


isi RS 


RESULTS 


The values for relative silver contents obtained by chemical _ 
analysis, with the counter, and from autoradiographs, are 
shown in the table. 

The numerical presentation of the data was complicated 
by the fact that the analytical method used for determining — 
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jer on small areas of film was believed only to give a 
Hicision of about 1%, similar to that expected from the 
Winter measurements and, possibly, from the autoradio- 
iphy. It was therefore decided that the mean of all three 
lerminations provided the best basis for testing the accuracy 
each. The results were treated in the following manner. 
| H he lower readings obtained by each method (including 
I al assessment of autoradiographs) were first expressed 
| } percentages of the greatest. The percentage values in 
le set of data were then multiplied by the factor required 
i make their sum equal to the average sum for the three 
itrumental methods before adjustment. The figures so 
jfived are given in the table. The best estimate for the 
Wative silver content of any specimen was now taken as the 
jan of the three values tabulated for analysis, the counter, 
autoradiography, and these averages are quoted in the 


| It column of the table. 
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constant ratio between successive times. Thus in the present 
experiment the times used (34, 5, 7, 10, ... min) form a 
geometric series in which each member is approximately 
4/2 times its predecessor. As already stated, the range of 
exposure times should be sufficient to ensure that the maxi- 
mum density produced by the weakest sample is greater than 
the minimum density produced by the strongest. In cases 
where the specimens fall into groups of widely differing 
activities, it might be advantageous to give separate series 
of exposures designed so that each group produced a similar 
range of densities. 

For accurate visual density matching, the densities must be 
placed side by side, so that there is at least a short line along 
which the areas to be compared just touch. Under these 
conditions, and if the image colour and graininess are similar, 
a density difference as small as 0:01, corresponding to an 
intensity difference of 2°% at a gamma value of 1-0, can just 


Comparison of silver determinations by different methods 


Relative masses of silver per unit area scaled to equalize the mean values 


Silver conyerted to radioactive silver iodide—activities measured by: 
¥ ei Autoradiography 
verage va. : 2 2 
columns Le ee . Densities judged visually 
2-4 Geiger counter nid = 
re Observer 1 Observer 2 
Comparison density Comparison density 
A B A B 
i5-0 16-1 14-1 0) 16 17 18 20 
2h1 26:9 26-7 27°8 27 31 28 30 
38-4 B8e5 SS BOE 40 43 39 38 
49-1 49-6 48-1 49-6 50 54 50 49 
59-0 58-6 Se )s5) 58-8 58 57 53 61 
68-4 YO 67-2 67°8 69 65 62 68 
TY oe Tie, VIS 77-0 79 1B 78 74 
84-5 83-3 85-8 84°5 85 80 87 78 
O23 91-0 Cs) 05) 92-4 89 90 87 86 
100-0 99-7 101-4 99-0 98 99 110 108 
Standard deviation 1-0 1:0 Ooms 2 4 5 5 
of differences from 
average values 


‘\In order to obtain a measure of the variability of the results 
ibm a given method, the corresponding average values were 
Nbtracted from them and the standard deviation of the 


derived (see table) suggest that in favourable circumstances 
Vitoradiography should not be less precise than the use, with 
rerage care, of a counter and that neither of these methods 
i appreciably less precise than the technique used for silver 
halyses. The visual estimations showed substantially larger 
landard errors, but even so were sufficiently accurate for a 
lir proportion of tracer experiments. 


DISCUSSION 


| Apart from the usual sources of error introduced by the use 
F photographic methods, the accuracy obtainable by auto- 
‘idiography depends on the gap to be bridged by graphical 
¢ visual interpolation; it should thus be improved by an 
.crease in the number of exposures. It is obviously desirable 
) choose exposure times which give equal accuracy at all 
arts of the scale, and this requirement is satisfied by using a 
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be discerned. If the density patches on the autoradiograph 
are of such a shape that accurate juxtaposition of the com- 
parison piece is not possible, the images can still be viewed 
side by side by standing a polished cube of glass or Perspex 
on one edge between them, so that they appear to meet in a 
sharp line. 

Whilst the autoradiographic method is likely to be of most 
interest to workers who do not have convenient access to a 
counter, it has certain other advantages. Autoradiographs 
constitute permanent records of relative activities, on which 
the actual measurements can be made whenever convenient. 
In the sense that one sheet of film can be exposed simul- 
taneously to a large number of specimens, an autoradiographic 
exposure is equivalent to the use of a whole battery of counters. 
This feature simplifies, or makes unnecessary, corrections 
for decay, facilitates more accurate assessment of isotopes 
having short half-lives, and makes practicable comparisons 
of many weak sources which would each require to be left 
for a long time in a counter. 

Unless a microdensitometer is available, densities can only 
be compared with reasonable accuracy if patches having 
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substantially uniform density over an area of several square 
millimetres can be obtained. In this connexion it is important 
to note a difference in the ‘“‘geometry”’ of radiation measure- 
ment by a counter and autoradiography. The volume of 
the ionizable gas in a Geiger—Miiller tube and the distance 
between the tube and the sample ensure that the counting 
rate is proportional to the total radioactivity integrated over 
the whole area of the sample. On the other hand, the thin 
sensitive layer and close contact normally used for auto- 
radiography mean that the film records the point-to-point 
distribution of radioactivity over the area of the specimen. 
Straightforward autoradiography will, therefore, only give 
the desired uniformity of density when the specimen itself is 
uniform. More uniform density from uneven specimens 
could, however, be obtained by increasing the distance 
between the film and the source. If a number of sources 
were measured simultaneously in this way it might be neces- 
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sary to place a metal plate with suitably positioned apertur 
between the specimens and the film, to reduce the extent tc 
which the density opposite one source is influenced by 
“‘oross-fire’’ from adjacent sources. 
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Natur 


The conception of viscosity as action per unit volume is used in the analysis of the flow of a 
suspension or macromolecular solution in a tube. The flow mechanism adduced involves the 
postulation of molecular vortices of which the suspended particles or molecules form the nuclei. 
This mechanism is used as a basis for the derivation of a relationship between the specific 
viscosity of the suspension and the linear dimensions of the vortices. The laws of Einstein, 
Staudinger, Huggins and their co-workers are derived simply and as special cases of this relation- 
ship. The law relating viscosity with concentration is also derived with reference to the same 
mechanism. This law assumes the form 7, = an + bn? where a and b are constants and 7.) 
and n are respectively the specific viscosity and molecular concentration of the solution. It is 
shown to be in good agreement with typical experimental results. The effect of the aspect 
ratio of the suspended particles or molecules is also considered and it is shown that the longest 
particle dimension rotates in a plane normal to the vortex axis. Although no quantitative 
relationship between viscosity and velocity gradient has been derived the mechanism is observed 


to lead to results in qualitative agreement with the experimental data. 


1. INTRODUCTION 


The very extensive use of capillary viscometers in investi- 
gations into the physical characteristics of suspensions, and 
particularly in the indirect determination of macromolecular 
weights, calls for a closer study of the mechanics of flow for 
fluids of this kind than has apparently been attempted hitherto. 
Although an enormous number of so-called viscosity measure- 
ments have been made on such fluids there seem to have been 
but few attempts to interpret these in terms of any clearly- 
conceived flow model. Many empirical relationships have 
been devised but these have in the main yielded no significant 
ideas relevant to the processes involved. 

The well-known equations of Einstein, Staudinger and 
Huggins“, 3) represent perhaps the most successful attempts 
so far to investigate theoretically the relation between the 
apparent viscosity of a solution and the physical constants of 
the solvent and of the particles of solute dispersed in it. 
Although these laws show good agreement with experiment 
in certain cases, they have limited applicability and provide 
no satisfactory basis for correlating viscosity and concen- 
tration where the relation between these is known to be 
non-linear. 

In the present paper an attempt is made to analyse the 
mechanical processes of flow of suspensions and macro- 
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molecular solutions of non-electrolytes through tubes. The 
evidence derived from this analysis is employed in the con- 
struction of a flow mechanism and this is in turn used in the | 
derivation of fundamental viscosity relationships. These 
are compared with the corresponding experimental relaviowy 
ships. 


2. THE NATURE OF VISCOSITY IN SUSPENSIONS 


Consideration of the dimensions of viscosity, as defined 
by Newton’s equation, shows it to be a measure of the action 
per unit volume within a fluid. In the case of a homogeneous - 
fluid moving through a tube under laminar flow conditions” 
the action results from the relative motion in translation of | 
adjacent parts of the fluid. In these circumstances a fluid 
can be regarded as having a continuous structure, and, for” 
the purposes of analysis, can be imagined as being made up 
of elementary cylinders of liquid each subject to viscous 
forces resulting from the translational motion relative to it 
of neighbouring elements. The integration of the equation 
representing the dynamic equilibrium of such an elementary 
cylinder under the opposing actions of the force due to the 
applied pressure and the viscous resisting force leads to the 
familiar expression for the velocity along a streamline and 
thence to Poisseuille’s formula. This approach, however, - 
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vaks down in the case of an inhomogeneous fluid, for here 
| action arises not only through the relative motion in 
Jinslation of adjacent parts of the continuous phase, but 
io to the motion of the solute molecules, or the particles, 
chin it. 
| It has been shown that, in general, the motion of a viscous 
i id cannot be irrotational,” and consideration of the 
Jjiation of velocity gradient within a tube, and hence of the 
Wices acting on a suspended particle, suggests that under 
+se circumstances rotation of the particle certainly occurs. 
The total action involved in the flow of an inhomogeneous 
Hid is thus seen to consist in general of three components. 
lese are respectively, the action arising through the relative 
Dtion in translation of adjacent parts of the continuous 
jase, that due to the rotation within it of the macromolecules 
other inhomogeneities and the action resulting from the 
Jinslation of these suspended particles relative to the con- 
Yauous phase. This last component, as will be shown later, 
+:small compared with the other two except at fairly high 
Jiacentrations. 


3. FLOW MECHANISM 
ie conception of the flow mechanism in the cases under 
rsideration as involving the translation of the solvent and 
le simultaneous translation and rotation of the particles of 
‘tute within it. 
The suggested rotation of solute particles will obviously 
volve the movement with them of some entrained solvent 
ind for this reason the proposed flow mechanism must be 
}odified slightly so as to involve the translation through the 
Ne of what may be called “macromolecular vortices” 
ther than of isolated particles. 
TiLet us now consider some of the implications of this 
Hopused flow mechanism, and, in the first instance, let us 
Fensider the flow of a suspension involving only a single 
}plute particle. 
}\ If 7, denotes the coefficient of apparent viscosity of the 
Wblution (that is, the volume-average action per unit volume) 
Hd 7 the coefficient of viscosity of the solvent, the total 
}ttion, A, within the tube due to the single vortex is given by: 


| A, = 7R2I(y, — 7) (1) 
| 


here R and / are respectively the radius and length of the 
hbe. It should be noted that, since action per unit volume 
aries from point to point, it is necessary to deal with the 
btal action within the tube and the total internal volume of 
; e tube as a means of arriving at any relation between. 
: heasured values of viscosity and the constants of the solute 
| d solvent. 
Regarding the vortex as an “ideal”? vortex of radius a 
ind length h, two extreme cases can readily be distinguished, 
Ml g. one in which a is negligible compared with 4,—a rod- 
ike vortex,—and the other in which a is large compared with 
1 —a disk-like vortex. 
| @ h much greater than a, In this case the total action due 
lb the rotation of the vortex will arise almost wholly as a 
lesult of the viscous forces on its curved surface and the 
lesisting couple G acting on it will be given by: 


| G = 4mnha?w (see Ref. 5) (2) 


vhere w is its angular velocity. 
As an isolated vortex no forces tending to produce trans- 


lation relative to the solvent will act on it. 
Hence A, = 4aha?w?!?/v? (3) 
VoL. 6, JANUARY 1955 


L he observations made in the last section lead directly to 


where v is the linear velocity of the solvent on the streamline 
along which the vortex moves. 

The factors appearing on the right-hand side of equation (3) 
can be grouped and equation (3) rewritten as 


A, = k\nF (4) 


where k, is a “flow” factor and F a “form” factor of the 
vortex, i.e. F = 47rha®. (F is the viscous resisting couple 
per unit angular velocity in a fluid of unit viscosity.) 

Assuming that Poisseuille’s law holds in this case v = 
P(R* — r?)/4yl and hence, in accordance with the require- 
ment of least action, w = dv/dr, i.e. w = Pr/2yl, where r 
is the radius of the streamline, P being the applied pressure 
difference. 


Therefore, Ke 41277] (R= 17) 


Again, for least action A, must have its least value and 
therefore the vortex must flow along a streamline adjacent 
to the tube axis. Assuming a fixed value of r, k, is seen to 
be constant. 

For very dilute solutions in which it can be assumed that 
the motion of any one vortex is unaffected by neighbouring 
vortices, the total action within a tube 4A, when. the number 
of particles per unit volume in the solution is 1, is ni R2I times 
as great, assuming all vortices to be identical. 


A = nA,7R?l (5) 


(In view of the “normal” particle size distribution usually 
assumed, the present analysis can only be regarded as appli- 
cable to “average” particles.) Now 7, — 7 = A/7R?/ in 
the present case. 


Tes 


Therefore Qs — ) =kynynF (6) 


from equation (4). 

In words, the specific viscosity of a very dilute suspension 
(that is, the fractional change in the viscosity of the solvent 
due to the suspension in it of the solute) is directly propor- 
tional to the number of suspended particles per unit volume 
provided that the “form” factor of the molecular vortices 
remains constant. 

(ii) a much greater than h. In this case the total action 
due to the rotation of the vortex arises almost wholly as a 
result of the viscous forces acting on the plane vortex surfaces. 
Here G = (32/3)na3w,© and the “form” factor is in this 
case given by F = (32/3)a3. 

Subject only to the different value of F in this case equation 
(6) can be shown, as previously, to hold. 

(iii) A and a of the same order of magnitude. Subject again 
only to a further different value of the form factor, equation (6) 
can be shown similarly to hold in this case also. 


4. THE LAWS OF EINSTEIN, STAUDINGER 


AND HUGGINS 


Empirical equations based on the analyses of Einstein, 
Staudinger and others are commonly used in the determina- 
tion of molecular weights from viscosity measurements. It 
is of interest, therefore, to consider the significance of such 
equations in the light of the flow mechanism postulated in 
the last section. 

Previous workers have made no hypothesis in regard to 
the existence of molecular vortices but have dealt with the 
suspended particles themselves and have variously assumed 
that they are spherical (Einstein),“!) cylindrical (Staudinger 
and Hever)®) or rod-like (Huggins). 
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By replacing the molecular vortices assumed in the present 
analysis by particles having the shapes referred to, these 
laws can be derived very simply. 

Thus, assuming the particles to be spherical 


G = 87rya>w (see Ref. 7) 
and therefore, F = 8za3. 


Now the total volume of the spheres in unit of volume of 
the suspension, d, is given by i) = n(4/3)7a3, 
and therefore, from equation (6), 


ns — 0 = kopy (7) 


where ‘> is a constant. 

The specific viscosity is therefore directly proportional to 
the volume-concentration as shown by Einstein. 

Next, let us assume that the particles are cylindrical with 
lengths great compared with their radii, and rotate about their 
cylindrical axes. Here, as in Section 3(i), F has the value 
47ra*h where a is now the radius of the cylindrical particle 
and A its length. 

For particles of constant section the mass M of the particle 
is proportional to h. 

The mass-concentration, c, of the solution is nM and, 
from equation (6), therefore 


Qs — 9 = kane (8) 


where k, is a constant. 

That is, the specific viscosity is directly proportional to the 
mass-concentration and independent of the particle size, as 
shown by Staudinger and Hever for solutions of mono- 
saccharides and disaccharides. 

Finally, let us assume that the particles are rod-like and 
rotate about axes normal to their lengths. Here, the mole- 
cules, together with the entrained solvent must be regarded 
as comprising disk-like particles. The molecular weight is 
therefore proportional to the diameter of the disk. 

As in Section 3(ii), F = (32/3)a3. 

But a3 = k,M?, where M is the molecular weight and k, a 
constant. Therefore F = k;M3, k, being constant. 

If c is the mass-concentration of the solution, from equa- 
tion (6), we have 

Ns — 4 = KencM? (9) 
k being constant. 

This agrees with the results of Huggins and other workers, 
who showed that the intrinsic viscosity (that is, the limiting 
value as the concentration approaches zero of the specific 
viscosity per unit concentration) is proportional to the 
square of the molecular weight. 

The applicability of equations (8) and (9) in certain limited 
cases has led to the general adoption of an empirical mole- 
cular weight equation of the form 1,,, = kM*% where 7,,,, 1s 
the intrinsic viscosity and A and « are constants. In the 
light of equation (6) it would appear that « is a shape factor 
for the suspended particles. Its value, as seen from the two 
extreme cases cited in Sections 3(i) and 3(i1), lies somewhere 
between 0 and 2. 


5. THE VISCOSITY-CONCENTRATION LAW 


The mechanisms considered to date all lead to a linear 
relationship between viscosity and concentration. This 
relationship rests on the assumption that individual molecular 
vortices or the individual particles themselves are independent 
of their neighbours; it must therefore be regarded as only an 
approximation and an approximation moreover which 
becomes progressively less valid as concentration is increased. 


Departure from such a linear relationship is, furthermore, 
clearly indicated by the relevant experimental data; this 


important to consider whether the proposed molecular vorte: c 
theory can be extended so as to take account of the con: , J 
ditions existing in more concentrated solutions. 


follow a path adjacent to the tube axis. The stability of the | 
vortices associated with a succession of such particles, , 
however, requires the formation about the tube axis of a 
“Karman vortex street.” Let us then consider some of | 
the main implications of this requirement in the present case. | 

According to the theory of vortex streets each vortex has a | 
translational velocity, U, impressed on it as a result of the: 


combined action of all other vortices, where U 
= KROL 1) 


K being the vortex strength and L the distance measured i 3 
the direction of flow between the vortices in either “lane.”@) | 
By definition the vortex strength, K, is given by the equation | 


K = 27a?w ¢! "a 


where a is the radius of the “‘ideal’’ vortex and w its angular — 
velocity. 4 

Since, in the present case, a and w are both small the 
molecular vortices postulated must in general be ‘ ‘weak’? 
vortices. Even at moderate concentrations of the solutions, — 
then, U will be small, but will increase as concentration 
increases under given external conditions. =| 

An approximate equation relating specific viscosity and y 
concentration, applicable at moderate and even fairly high — 
concentrations, can now be derived. 5 

Let n be the number of solute molecules per unit volume of © 
solution. The number emerging from both lanes in the 
vortex street per second is therefore 2(v + U)/L. ‘i 


Therefore, = 2(v + U)/LV (12) 


where V is the volume of solution discharged per second from — 
the tube. Neglecting U compared with v, and making use — 
of the approximate constancy of v/V, we have, : 


n=k,/L (13) 
or, from equation (10), n = kgU (14) — 
In words, the relative velocity of the solute with respect to 
the solvent increases approximately linearly with concen- 
tration. The action, A, involved as a result of this relative — 


translation, since the resisting force is proportional to Ua Z 
is given by 


cece te 


Ay = konn? a5) 
Since the action Ap, due to rotation, as previously shown, is — 
given by 
_ Ar = kyonn (16) 
the total action, A, is . 
A = (kyon + kon?) (17) 


ky and ky being constants. 
That is, the specific viscosity of a solution is related pang 
bolically with its concentration. 
As a means of testing equation (17) by experiment the — 
typical results of Kendall and Monroe“ have been used. 
In the first and third columns of the table the corresponding — 
values obtained by them for the molecular concentration 
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4, Care quoted. The values of (concentration)? and specific 
} }Cosity given respectively in the second and fourth columns 
pre calculated directly from these. Using the co-ordinates 
ij two points on the specific. viscosity-concentration graph 
constants ky and kj) of equation (17) were evaluated. 
we specific viscosity-concentration !aw in the present case 
s hence found to be 


Nsp = 1:60.10- 2n + 1:08.10~ 4n? (18) 


me values of the specific viscosity obtained by substituting 
Wie values of n and n?, given in the first two columns, in 
Hiuation (18), are recorded in the fifth column, the per- 
J\ntage discrepancies between these calculated values and the 
Fi oe values of column four being shown in the last 
umn. - 


me 


Yorresponding experimental and theoretical values of specific 
viscosity at various concentrations 


Experimental Calculated Discrepancy 


t n ne Ns Nsp Nsp vA 

& 0-00 0:0 0-6048 0-000 0-000 0:0 
5-10 26:0 0-6565 0-085 0-085 0-0 
miii-2) (PSST 0-7261 0-200 0-193 BD 
45-38 DBI 2 Oe LOT 0-274 0-272 Oxy, 
19-29 3725: = => 0-8263 0-366 9-349 4-6 
23-98 576:0 0-8764 0-449 0-446 0-6 
26-93 723:6 0-9178 0-517 0-508 le 


6. EFFECT OF ASPECT RATIO 


?o the derivation of equation (6) in Section 3 two extreme 
ses were distinguished, namely (i) that of the rod-like 
prtex in which the length is big compared with the radius 
ad (ii) that of the disk-like vortex in which the radius is 
iicge compared with the length. Equation (6) was shown 
¥|; be equally applicable to both, though it was noted that 
Jie “form” factor differed in the two cases. 
+! In view of the considerable use made of viscosity measure- 
jents in the study of high polymers it is of interest to consider 
thether macromolecules in which one dimension is large 
}pbmpared with the others would lead under the flow con- 
Witions under discussion to the formation of rod-like or disk- 
Ke vortices. That is, would macromolecules of large aspect 
itio x/d, x being the longest and d the shortest dimension, 
irientate themselves so that « is parallel to or perpendicular 
» the vortex axis? i 
|) Making the assumption that under the circumstances 
Wiisualized entraining of the solvent by the solute molecules 
iccurs only to a limited extent, the dimensions « and d can 
le identified approximately and respectively with h and 2a 
1 the former case and with 2a and A in the latter. 

) The ratios of the actions involved in the two cases is the 
ame as the ratio of the form factors and therefore equal to 
lth/8a. Since « is much greater than d, the action involved 
I\;hen the molecule is orientated parallel to the axis of rotation 
s big compared with that for perpendicular rotation. In 
\ccordance with the principle of least action, therefore, the 
holecule will rotate so that its longest dimension is normal 
i the axis of rotation, the molecular vortex consequently 
being disk-like. 

| This conclusion is consistent with the observations of 
Ibinder.(). He investigated the relationship between the 
rientations of sections of human hair and their aspect ratios 
ind found that for very large values of the latter the specimens 
srientated themselves in the perpendicular position. 
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jd the viscosity of a solution of naphthalene in benzene at 


The laminar flow of suspensions in tubes 


In the light of the above it becomes apparent that the direct 
association of specific or intrinsic viscosity with molecular 
weight, M, in the manner suggested by the equations of 
Staudinger and Huggins and their co-workers may be 
misleading. 

The index of M in an empirical formula of the type 
mt = kM* must clearly depend upon the form factor of the 
vortices and hence on the aspect ratio of the molecules 
themselves. The index would, however, appear to provide an 
indirect measure of the shape, degree of branching, etc., of 
molecules of given molecular weight. 


7. GENERAL OBSERVATIONS 


The mechanism outlined in the previous sections involves 
the motion of vortices along streamlines adjacent to the tube 
axis, as shown in Section 3. The action per unit volume is 
hence greatest in those regions where the velocity gradient 
is least; that is, the coefficient of viscosity decreases with 
increasing velocity gradient. This qualitative result is con- 
sistent with the variation found experimentally and investi- 
gated quantitatively by Tyler and Richardson,“2) and hence, 
indirectly, with the well-established fact that the volume of 
solution discharged per second increases with applied pressure 
to a value in excess of that to which simple proportionality 
would lead. 

Further work is necessary to reduce to quantitative terms 
these and other qualitative relationships suggested by the 
analysis. 

8. CONCLUSIONS 

The flow mechanism described follows directly from the 
conception of viscosity as action per unit volume. It leads 
simply to the laws of Einstein, Staudinger and Huggins and 
their co-workers as special cases of a general law which is 
derived. The quadratic law connecting specific viscosity with 
concentration, which is also derived, is shown to be in good 
agreement with typical experimental results. The mechanism 
is observed to be qualitatively consistent with other experi- 
mental data. 
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New books 


A text-book of radar. 2nd Edition. Edited by E. G. BOWEN. 
(London: Cambridge University Press, 1954.) Pp. xiii 
+ 617. Price 45s. 


Very wisely, this book has been made a collective effort by a 
number of authors in the Radiophysics Laboratory, C.S.I.R.O., 
Australia. A wide field had to be covered but with the chapter 
subdivisions chosen and careful editing the reading flows 
smoothly and without noticeable repetition. It is well to 
regard the work as a general text-book concerned more with 
overall principles rather than with detail: it would be very 
suitable for engineering students. 

The volume under review is the second edition, the first 
having been published in 1947 and the editor states that only 
small corrections and some minor alterations of sense have 
been made to the first sixteen chapters of the book: these 
deal with fundamentals and discussions of all the component 
parts from transmitter to aerial and back via receiver to 
display. The last three chapters, dealing with applications 
of radar, have been completely rewritten, but they are very 
condensed and more could, perhaps, have been made of 
them. However, it is strange to find in a treatise on radar 
(defined in line 1 of the book) sections dealing with linear 
accelerators and microwave spectroscopy (presumably because 
pulses of r.f. energy are employed). 

It is a pity that this second edition could not have been 
brought rather more up-to-date. Though published in 
April 1954, the preface indicates that it was completed in 
March 1952. Little change has occurred in the major part 


of the book, and most of the references are to work published. 


in 1946, with a few in 1948; only for such subjects as radio 
astronomy are references given as late as 1951. 
Printing (by the photo-offset process), diagrams and 
general clarity of the layout are excellent. 
A. J. MADDOCK 


Physical meteorology. By JoHN C. JoHNsoN. (Published 
jointly by the Technology Press of the Massachusetts 
Institute of Technology and John Wiley and Sons, Inc.; 
London: Chapman and Hall, Ltd., 1954.) Pp. xii + 393. 
Price 60s. 


Physical meteorology is not a clearly defined section of 
atmospheric studies, so that Johnson’s selection of topics is 
necessarily somewhat arbitrary. The first six chapters are 
concerned with the interactions between radiation and the 
atmosphere, and include such topics as refraction, scattering, 
the thermal effects of solar and terrestrial radiation and 
atmospheric optics. Chapters 7 and 8 treat the rapidly 
advancing subjects of cloud and rain formation. Chapter 9 
is devoted to atmospheric electricity and Chapters 10 and 11 
to the upper atmosphere. The book is designed for the third 
or fourth year undergraduate who intends to specialize in 
meteorology. 

The general layout, the good printing and production, the 
many excellent illustrations and the numerical examples at 
the end of each chapter provide a framework for a most 
useful contribution to the literature. However, the student 
must be warned of the many blemishes revealed by a detailed 
examination of the text. The explanation is often very 
confusing, and sometimes the treatment is too superficial for 
the student to have any chance of understanding it. There 
are too many inaccuracies and some misconceptions, which 
at times extend to the fundamental physical ideas where they 
should have been avoided at all costs. 


‘limited. 
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The following are just a few examples of errors of con- | 
fusions in fundamental matters: the statement that the } 
Lorentz line shape is similar to the Doppler shape (p. 136) 5ee 
the definition of a Jumen which can be constructed from 
table 3.5 and the definition of visibility on pp. 68 and 69; 
the discussion of femperature on pp. 375 and 376 the mixing | 
up of Fourier’s law of heat conduction and Newton’s law of § 
cooling on p. 153; the discussion of elliptical polarization and } 
Rayleigh scattering in Chapter 2, which seems to be at } 
variance with the idea of a diagonal scattering matrix. q 

R. M. Goopy | 


Transistoren. By M. J. O. Srrutr. (Ziirich: S. Hirzel — 
Verlag, 1954.) Pp. 166. Price Swiss frs. 21. ~ 


The book attempts to give a brief account of the state of 
transistor applications current at the time of writing. To do 
this in 166 pages on a rapidly expanding new subject is a very — 
difficult task which, on the whole, the author has performed — 
very well. The book opens with a chapter on fundamental | 
concepts and comparison with vacuum tube triodes. This is 
followed by a discussion of the principal bulk properties and } 
contact properties of semiconductors. Chapter 4 discusses § 
the point contact transistors, Chapter 5 the large area contact * 
transistors (junction and field effect). The following four | 
chapters are devoted to duality of transistors and triodes, © 
applications of transistors to amplifier input and output | 
stages and in oscillators. There are a few pages outlining the } 
principles of measurements of semiconductor and transistor } 
parameters. There is a list of 148 references. In the physics © 
section the drawing of Fermi levels is highly confusing. | 
Limitations of space did not allow the inclusion of detailed { 
examples of circuit applications, similarly the discussion of 
such topics as high frequency behaviour of transistors is very | 


The book may be recommended as an introductory text to - 
a new subject on which only one other comprehensive book — 
is known to the reviewer. A. K. JONSCHER 


Structure Reports for 1950 (Vel. 13). General editor: A. J. Cc. 
WILSON. Section editors: N. C. BAENZIGER, J. M. 
BisvorT and J. M. RosBERTSON. (Holland: N. V. A. 
Oosthoek’s Ujitgevers Mij., 1954.) Pp. viii + 643. 
Price 151s. i 

The production of Structure Reports, which take the place of — 

Strukturbericht, is one of the major successes of the Inter- 

national Union of Crystallography and the appearance of | 

Volume 13, dealing with work published in 1950, is important 

for all concerned with structural studies. As in the earlier 

volumes, the editors present very complete accounts of the 
structural aspects of the researches reviewed. Moreover, the 
value of the reports is often enhanced by the addition of © 
critical editorial comments, by the recasting of the original | 
results into a more convenient form, or by reference to other | 
related researches not strictly eligible for inclusion in the 1950 — 
volume. It is virtually impossible, in a work of this kind, to 
ensure complete absence of errors; but if those noticed by the 
reviewer in scrutinizing a few pages taken at random aré — 
typical, no great harm has been done by the editors’ failure © 
to detect them—thus, for example, p. (iv), the Copyright 

notice; middle of p. 281 reasons for reason; bottom of p. 372, — 
title of paper quoted incorrectly; and bottom of Desde 

andularia for adularia. . 

While admiring the excellence of the production, and — 
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appreciating the immense amount of work which has gone 
jinto the preparation and editing of the reports contained in 
ithe four volumes now available, the reviewer feels bound to 
stress the need for increased speed. We now have Volumes 11 
(for, 1947-48), 12 (for 1949), 10 (for 1945-46) and 13 (for 
| 1950) which have appeared in 1951, 1952, 1953 and 1954. Can 
| we expect that in the near future the editors will be able not 
} only to close the gap since Volume 7 (for 1939) of Struktur- 
| bericht by producing Volumes 8 and 9, but also to reduce to 
}one year or less the present serious time-lag of 34 years 
} before the publications of a given year are reported in the 
Happropriate volume? All who need structural information 
| for their researches will hope that this may be possible. 

W. H. TAYLoR 


| The insulation of electrical equipment. Edited by WILLIs 
JACKSON, D.Sc., D.Phil., M.I.E.E., F.Inst.P., F.R.S. 
(London: Chapman and Hall Ltd., 1954.) Pp. ix + 340. 
Price 42s. 


; As explained in the foreword, this book is a compilation of a 
sseries of lectures delivered by a group of experts in the 
insulation field at a post-graduate vacation school held in 
tthe Electrical Engineering Department of Imperial College, 
t London, in September 1952. 

|- The first chapter is an historical survey of insulation 
t development, and the rest of the book may be broadly divided 
into two parts; four chapters devoted to insulation properties 
in terms of composition and structure, and six chapters on 
i the application of insulator materials in various branches of 
 lectrical engineering. The treatment is generally non- 
; mathematical, and in spite of the condensation necessary to 
it sive an adequate survey of such a complex subject in a 
trelatively small space, most of the book makes easy reading. 
' There is a useful bibliography at the end of each chapter. 

| Since the approach throughout is of an “engineering” 
Fnature it is unlikely to appeal to physicists as a text-book on 
#| insulation, but it could be read with profit by those whose 
| work brings them into contact with insulation problems. 

R. D. Nixon 


) 
i] 


erromagnetic domains. By K. H. Stewart, M.A., Ph.D. 
(Cambridge monographs on physics). (London: Cam- 
bridge University Press, 1954). Pp. viii + 176. Price 


255: 


| At the present time considerable interest is being taken in 
the development of the concept of the ferromagnetic domain. 
| We now have much beautiful experimental work by American, 
| English and Japanese workers which has made visible in a 
| most striking fashion the existence of domain structures in 
i single crystal and even to a limited extent, in polycrystalline 
F specimens of ferromagnetic metals. We also have a sub- 
Ii stantial body of theoretical work on these domains, and 
|particularly on the behaviour of the walls between them, 
| which we may hope will eventually assist us in explaining 
imany of the complicated phenomena of ferromagnetism. 
'The author of this pleasing little treatise has himself made 
|some interesting contributions to their study, and in his book 
he has given in a convenient form accounts of the more 
I| outstanding results up to 1952, without great attention to 
| experimental details. The treatment is sound and the book 
can be recommended to the general reader, although the 
latter would probably like some references to work on the 
| AE effect. Incidentally, the reviewer does not approve of 
/ Fig. 47, or of certain remarks about complicated domain 
} structures on p. 88. L. F. BATES 
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25 Nate New books 


Laplace transforms for electrical engineers. By B. J. STARKEY, 
Dipl.Ing., A.M.I.E.E. (London: Iliffe and Sons Ltd., 
1954) Pp. 279. Price 30s. 


With so many books on Laplace transforms in existence any 
new book on the subject requires some justification. The 
author’s aim is to introduce the subject from ideas familiar 
to the electrical engineer. He is concerned to remove any 
difficulties in the fundamentals, usually glossed over, by 
elaborating the first chapters with more special notation than 
is usual. The significance of the complex p-plane is illustrated 
as an “‘animated”’ vector field. The subject is covered up to 
contour integration and higher functions. The book is 
published for the Wireless Engineer which seems a new — 
departure in this type of literature. The printing space has 
been used economically and one misses heavier printing of the 
subtitles, but otherwise the printing is clear and there are 
many figures. Some familiar with the subject might find it 
slightly harder to find their way in this book than in one of 
those already existing but some new to the subject might like 
it. There are many applications and worked out examples. 
Hi. PELZER 


Fluorescence analysis in ultra-violet light. 4th edition. By 
J. A. RADLEY, M.Sc., F.R.LC., and J. Grant, Ph.D., 
M.Sc., F.R.I.C. (London: Chapman and Hall Ltd., 
1954.) Pp. xvi + 560. Price 52s. 6d. 


This fourth edition of a well-known text has been con- 
siderably enlarged and revised, account being taken of the 
many papers on fluorescence analysis which have appeared 
during the fifteen years since the publication of the third 
edition. The authors have themselves checked much of this 
new work. 

Part I of the book deals with the apparatus and technique 
of fluorescence analysis. Despite the authors’ claim that in 
preparing this edition much “dead wood” has been cut out, 
this section of the book is still far from satisfactory. The 
accuracy of some of the statements is open to question, 
whilst information which one could reasonably expect to 
find, regarding the radiant power output of lamps at various 
wavelengths or the spectral transmission characteristics of 
commercial filters, is not included. Ina later chapter, dealing 
with measurement of ultra-violet intensity, the impression is 
given that a method described in a medical journal some 
thirty years ago represents current practice in photo-electric 
photometry! 

Part II of the book, amounting to about four fifths of the 
volume is devoted to applications and here the authors appear 
to be on more familiar ground. The subject matter is divided 
into some twenty chapters, each dealing with a special field 
of work such as bacteriology, museum work, textiles, minerals 
and gems, etc. Each of these chapters is a most useful 


' zeview, some containing several hundred references to original 


publications. However, this degree of annotation does, in 
places, detract from ease of reading. 

At the end of the book nearly fifty excellently reproduced 
photographs illustrate various applications of the technique. 
A little extra care in describing some of these would make it 
absolutely clear whether they illustrate fluorescence pheno- 
mena or merely differences in ultra-violet reflexion charac- 
teristics. 

Even with its present shortcomings this book contains a 
very great deal of useful reference material not readily found 
elsewhere. The reviewer suggests that a physicist familiar 
with the subject should be consulted about Part I before the 
book is again revised. B. S. Cooper 


Notes and 


The Physical Society’s annual exhibition of instruments and 
apparatus 

The Physical Society announces that its 39th annual 
exhibition will be held in the New Hall of the Royal Horti- 
cultural Society in Westminster from 25 to 28 April, 1955, 
inclusive. Continued growth has necessitated moving the 
exhibition from the Imperial College in South Kensington, 
where it has previously been held, to this larger hall which 
will, in many ways, be more convenient. The Council of the 
Society has instructed its Exhibition Committee to use its 
best endeavours to keep the style and spirit of the exhibition 
unchanged, namely to provide an opportunity, of a non- 
commercial nature, for showing new instruments and 
apparatus to scientists and technicians. About 140 offers to 
exhibit have been accepted compared with 103 exhibitors 
last year. The handbook issued in connexion with the 
exhibition will be produced as usual a few weeks in advance. 

Details regarding tickets for admission (for which there is 
no charge) will be announced in due course. 


Journal of Nuclear Energy 


The first issue has just appeared of a new quarterly to 
be devoted primarily to the publication of technical articles 
from the staff of European nuclear energy projects and their 
associated industrial groups. In his foreword, Sir John 
Cockcroft says that it is hoped that its establishment will 
“promote that interchange of ideas which is the basis of 
scientific and technological development in peace.” The 
issue before us is one of 92 pages measuring 63 x 10 in. and 
is well printed and produced. It contains ten contributions, 
seven of which are from Harwell, covering a wide range of 
subjects. Papers will be accepted in English, French or 
German, but English abstracts accompany all the papers. 
There is a strong International Editorial Advisory Board; 
the Editors are Dr. J. V. Dunworth (Editor-in-Chief) of 
Harwell, Dr. J. Guéron of the French Atomic Energy Com- 
mission, and Dr. G. Randers of the Joint Establishment for 
Nuclear Energy Research, Norway. We wish them and their 
journal success. 

The publishers are the Pergamon Press Ltd. of Maxwell 
House, Marylebone Road, London, N.W.1, and the annual 
subscription price is £4 10s. (U.S.A. $12.60), or for individual 
subscribers certifying that the journal is for their personal 
use, £3 10s. (U.S.A. $9.80). 


Register of British manufacturers 


The 1955 edition of the register of British manufacturers 
who are members of the Federation of British Industries is 
even larger than the 1954 edition. It has 1115 pages and 
contains a new section entitled Language glossaries in 
which every heading used in the buyers’ guide is translated 
into French, German and Spanish. The remainder of the 


comments ’ 


book is divided into the following sections: Products and 
services: Advertisements; Addresses; Trade associations; 
Brands and trade names; Trade marks. 

The register is published by Kelly’s Directories Ltd., and 
Iliffe and Sons Ltd., Dorset House, Stamford Street, London, 
S.E.1. The price is 42s. (including postage). 


Journal of Scientific Instruments 
Contents of the January issue 


ORIGINAL CONTRIBUTIONS 


Papers S 
A recording volumeter for small gas evolutions. By W. E. Hoare. 4 
An apparatus for the measurement of dynamic mechanical properties of polymers. 
over a wide temperature range. By D. W. Robinson. ae 
An optical interferometer method of calibrating a crystal gauge for the measure- 
ment of sound wave transients. By G. J. Barber. : 
A machine for the measurement of rolling friction. By J. Halling. 
Infra-red filters using evaporated layers of lead sulphide, lead selenide and lead 
telluride. By J. G. N. Braithwaite. 
The production of accurate linear scales by means of the Merton nut. By L. A. 
Sayce. an 
The processing and some characteristics of coaxial cylinder, corona stabilizer 


tubes. By A. J. L. Collinson and D. W. Hill. : : 
A measuring apparatus employing a reference line of variable brightness. By 
EES Bees; ; 
A combined strain and curvature gauge for use in testing concrete beams. By | 
J. M.-Prentis. 


An apparatus giving an «-particle microbeam for the irradiation of living cells. 
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ORIGINAL CONTRIBUTIONS 


Some dynamic mechanical properties of polyisobutylene over a wide 


temperature range 


By D. A. Tuomas, B.Sc., and D. W. Rosinson, B.Sc., D.Phil., Imperial Chemical Industries Ltd., Plastics Division, 
Welwyn Garden City, Herts. 


[Paper first received 10 August, and in final form 11 October, 1954] 


A cantilever resonance method has been used to measure the complex Young’s modulus of 
polyisobutylene from 90 to 560° K at a number of points in the frequency range 30-300 c/s. 
Using the method of reduced variables, the results have been expressed as a function of frequency 
at constant temperature and compared with other published data on this material over comparable 
reduced frequency ranges. Agreement is quite good over a limited reduced frequency range, 
but the present results predict a higher value for the real part of the modulus at infinitely high 
frequencies, and show the small dispersion peak in the imaginary modulus curve displaced toa 
higher reduced frequency. The validity of extrapolating the frequency shift factor to high and 
low temperatures is questioned, and suggested as a possible explanation for the discrepancies. 
A comparatively large value of the temperature coefficient of the modulus at 90° K suggests 
that an appreciable configurational entropy term is still contributing to the free energy of the 

polymer at these low temperatures. 


| A detailed investigation of the viscoelastic properties of high was itself clamped to the transducer. This procedure was 


polymers involves a number of different experimental tech- 


Hi niques, there being as yet no single method which yields 


information over a sufficiently wide frequency and tempera- 


, ture range on a given specimen. In general, no one laboratory 


is equipped with a range of techniques so that it is often 
necessary to utilize the data from a number of workers at 
different laboratories. Inaccuracies can then arise due to 
accidental and inherent experimental errors in the equipment, 


, and results are often difficult to compare, owing to the un- 


very satisfactory, the specimen remaining firmly fixed through- 
out the whole experiment. Measurements were made from 
room temperature down to 90°K with a 4:0cm length 
specimen (thickness 0:104 cm) and from room temperature 
to 560° K with a 1 cm specimen of the same thickness. The 
large change in the modulus of the material with temperature 
necessitated the use of two specimens of different lengths in 
order to bring the resonant frequency of the cantilever within 
the useful working range of the equipment. 


certainties involved in the preparation of a reproducible 
species of a given material. In 1949 the National Bureau of 
| Standards, Washington, in an attempt to overcome these 
| difficulties, initiated a co-operative testing programme on a =: 
standardized batch of polyisobutylene, the interim results of Figs. 1 and 2 the real and imaginary parts of the complex 
which have already been reported.) oy 
The experiments reported here have been undertaken as 3 ore TS Sis 
| part of this programme. The important feature of this work 10-0 | 
| is the very wide temperature range over which measurements E Sy 
| of the complex dynamic Young’s modulus (E = E’ + iE”) : ‘s. | 
have been made. Transverse resonance vibrations of small 
| strain amplitude (~10 ~+) are excited in a cantilever specimen 
of the polymer and, from the resonant frequency and band 
width of the resonance curve, the real part E’ of the complex 
Young’s modulus and the ratio of the imaginary to the real 
| part E”’/E’ can be calculated. The temperature range extends 
from 90 to 560° K and the frequencies of the various reson- 
| ances lie in the range 30-300c/s. The apparatus and 
experimental procedure have been described in detail 
| elsewhere.) 


RESULTS 


The table summarizes the results on both specimens. In 


550: 


ISO 250 350 450 


Temperature (Ck) 


Fig. 1. Real modulus—temperature graph 


THE EXPERIMENTS 


ee 8Oc /s 
The molecular weight of the standard sample M,, = 28Oc 
| 1:35 x 10© was determined from intrinsic viscosity experi- S ; 
| ments. The material was moulded into a template (giving a 
| reed approximately 6 x 0:15 x 0-10 cm) at 408° K under a 
| pressure of | t/in.? for 45 min, this pressure being maintained 
| while the temperature was reduced to 290° K. Owing to the 52c is 
| very soft nature of the polymer, it was not possible to clamp 60 PE Scys 36c 
the specimen between small steel jaws in the usual way, and : : ea ae | 
| still ensure rigidity of mounting over a wide temperature range. 50 150 50 350 450 550 
Some pieces of polymer were therefore dissolved in chloro- atin 
| form to produce a viscous cement, and this was used to stick 
| the end of the specimen on to a flat-ended steel pin which 
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BO; F305c/s I35¢/s 


Fig. 2. Imaginary modulus—temperature graph 
41 : 


D. A. Thomas and D. W. Robinson 


Young’s modulus derived from measurements on the funda- 
mental mode of vibration are plotted against temperature and 
the frequency of the measurement is indicated at various 
points. The real part of the modulus E’ is calculated from 
the expression: 

4m f214 
~ mA(t2/12) 


/ 


where p = density of the specimen | Estimated at the appro- 
temperature of 


/ = length of the specimen | Priate ; 

: measurement using ex- 

1 = thickness pansion coefficient data 
fo = resonant frequency J given in Ref. (1). 


m = parameter appropriate to the particular mode of 
vibration and =1-875 for the fundamental 
resonance. 


The imaginary modulus E” is calculated from the expression 


4/ 


E’ 
curve measured at 1/4/2 of the maximum amplitude, and fo 
the resonant frequency. This approximation holds within 
1% for tan é + 0-2 and is therefore less accurate in the 
vicinity of a large loss peak such as occurs with polyiso- 
butylene at about 230° K. 

In Figs. 3 and 4 our results, converted to shear moduli by 
assuming Poisson’s ratio = 0-5, are presented as a function 


fs a Af being the bandwidth of the resonance 
0 
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Fig. 3. Reduced real modulus—frequency graph 
X = present experiments; © = results of other participants. 
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Fig. 4. Reduced imaginary modulus—frequency graph 


x = present experiments; © = results of other participants. 


of angular frequency at a standard temperature of 298° K 
by use of the Ferry reduction scheme.°) For comparison 
the composite reduced curve deduced by Marvin) is also 
plotted. Ferry’s reduction method interrelates the frequency 
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and temperature dependence of the viscoelastic behaviour of . 
the material according to the expression: 


(poTolp T)Gy(w) = Gr,(war) (1) 


Where G;(w) is a dynamic modulus measured at a temperature 
T, and angular frequency w, and G7,(war) the modulus 
characterizing the same viscoelastic response but at a new 
reference temperature 7) and frequency a;w, a, being a 
function of temperature. ‘po, p7 refer to the polymer density 
at Ty) and T respectively. In carrying out this reduction, the 
expression for the shift factor a; has been calculated from an 
equation given by Leaderman and Smith,“ to describe their 
results over the temperature range 223 to 303° K. 


sick 
298 


298 Po 
+ logio = + log 
) 10 T 10 Pp 


(2) 


In this equation the last two terms are neglected, and the | 
resulting linear relationship between logjg a, and 1/T? has 
been extrapolated down to 90° K and to temperatures beyond 
300° K. 

The validity of such an extrapolation may be questioned 
on the grounds that a 1/T? function gives a misleading 
representation of the low temperature behaviour of the shift | 
factor a, and furthermore, may be in error at higher tempera- 
tures. However, in the absence of further experimental data 
we have used the extrapolated form of equation (2) and | 
treated the results at very high and low reduced frequencies © 
with some reserve. The density ratios occurring in equation 
(1) have been computed from the relationship 


1 
logio ap = 5°04 x 105 (75 


polp = [1 + 0-585 x 10-(T — T))] 


given by Marvin,“ and where necessary extrapolated to high ° 
and low temperatures. 


DISCUSSION 


Figs. | and 2 show the two main processes’ known to be + 
present in polyisobutylene. In the region from 200 to 270° K, | 
a very large loss peak (beyond the measuring range of the 
apparatus) characterizes the transition from the “‘rubbery” to 
the “glassy” state, and at much higher temperatures a some- 
what smaller loss peak, associated with flow of the polymer, ~ 
is found. The dynamic Young’s modulus changes by more © 
than three decades in the temperature range 200-300° K. 
No loss processes have been observed below the rubber-glass 
transition temperature, and it therefore appears that unless 
any further changes occur below 90° K, the modulus has 
reached a value of 7:20 x 10!9 dyn/cm?. 

An estimate of the temperature coefficient of the modulus 
gives a value of about 107 dyn/cm? degree at 90° K, and a © 
simple calculation of the theoretical temperature coefficient 
based on the assumption that only the thermal vibration of 
the atoms in the polymer can contribute to its free energy, 
gives a value of about 104 dyn/cm? degree at 90° K. Since 
the observed value is very much higher, additional terms must | 
be contributing to the free energy at this temperature, the 
most probable factor being a configurational entropy term ‘ 
arising from the flexible nature of the polymer chains. 

Comparing the values of logiy G(wa,) and log, G’(war) 
deduced from the present work with those computed by © 
Marvin (Figs. 3 and 4), there is seen to be quite reasonable 
agreement for values of log;)(wa;) between 0 and 5. Dis- 
agreement exists in the vicinity of the large transition and at 
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the highest and lower frequencies, the present results rising 
‘0 a value of logy) G’ = 10-85 at an equivalent frequency of 
lOSio (war) = 60. The lack of agreement in the actual 
-ransition may be due to uncertainties in measuring the 
precise temperature of the material in a region where cyclic 
eating is important, and as the modulus is changing very 
apidly with temperature, a 1 degree change could give rise to 
la 5% change in log;y E’. However, a more probable explana- 
ion is suggested by the fact that the discrepancies are appre- 
iable outside the reduced frequency range log, (a-w) = 0 to 


Real part of 
dynamic Young’s 


= 


Some dynamic mechanical properties of polyisobutylene over a wide temperature range 


at infinite frequencies as being probably too low. It is usual 
to identify the high-frequency modulus G,, with the zero 
point modulus Go (i.e. the modulus at T = 0° K). Assuming 
this to be true for polyisobutylene, we note that our highest 
measured value of Young’s modulus leads to a value of 
logi9 G’ = 10-34, which is higher than the log G., value 
quoted above, and is computed without any reference to the 
reduction principle. With the high value of the temperature 
coefficient at 90° K the modulus figure will almost certainly 
rise still further. 


Dynamic mechanical data for polyisobutylene 


Imaginary part of 
dynamic Young’s 


j| +5. Reference to the table shows that these frequency limits 
jroughly correspond to the temperature range over which 
| the reduction factor a; has been experimentally determined, 
jand this again raises the question of the validity of a linear 
| logy a — (1/T2) extrapolation to higher and lower tempera- 
| tures. In support of this objection, we note that the magnitude 
|and shape of the low frequency absorption peaks (Fig. 4) 
| correspond quite well. 

The interesting feature of our results is the fact that the 
‘real part of the reduced modulus G%, tends to a higher value 
\than that suggested by Marvin (logo G, = 10-08). By 
\virtue of the low temperatures at which our measurements 
were carried out, it has been possible to extend the reduced 
'frequency range considerably beyond logio (way) = 10 and 
“we are inclined to regard the Marvin value of logiy G’ = 10-08 
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Temperature Frequency modulus E’ modulus E’’ 
CK) (c/s) (dyn|cm?2) Log 0B’ (dyn|cm2) Logi) E” Logi Grp Logo Cr Logio (apw) 
Length of specimen =1-0cm. Thickness = 0-104 cm 
281-4 135-0 5°87 x 107 7: 769 8712 x 107 7-910 7-314 7-453 > 309 
294-5 82-0 2:16 7-334 1293 7-286 6-861 6°811 + 2-87 
296-7 79-5 2°05 P23 Ley 7-196 6°836 6:723 + 2-70 
303-2 68-5 heSy 7-182 5:71 x 106 OS 6-699 6°274 + 2-43 
312-5 66-1 1-42 7-152 3-88 6:589 6-658 6-093 + 2-10 
Bose 2 65:4 1-38 7-140 Pea 6-433 6-633 Soe + 1-72 
335-0 63-9 1633 TAQ, os) 6196 6-606 5-679 + 1-34 
345-2 63-7 1-32 AD 1242 Gal52 6:591 5-622 + 1-08 
353-1 63-6 Ae TEA 1-33 6:124 6-539 5-587 + 0:92 
BOS" 63-7 osy2 Tele 1-29 6-111 6:535 5-565 + 0:65 
372°6 63:3 13% ule 1-36 6-134 6-560 5-580 + 0-48 
385-0 63-2 1231 Teall: 1233 6-124 6:551 Di o59 + 0-23 
393):9 63-5 A333; 7-124 1-47 6:167 6-548 555938 + 0-01 
416-4 63-0 (hosii) UW 18933: 6-124 67922) 5-530 = 0:33 
443-3 62-9 ess Poly 1-63 6:212 6:502 5597 — 0-70 
463-1 61-9 1-27 7-104 ony 6:236 6:476 5-605 = (ayy 
479-2 61-3 1-26 7-100 2:09 6-320 6:459 5-679 — 1-10 
490-9 60°6 123 7-090 1-94 6-288 6-442 5-641 — 1:22 
520-3 56-5 1-07 7-029 2°46 6:391 6:364 5°723 — 1°52 
536°6 52-8 9-36 x 106 6:971 baOi 6-294 6-294 5-621 — 1:67 
559=3 35-65 4-34 6°637 1-64 6:215 5-947 5-524 — 2-00 
566°1 _ specimen mechanically unstable — = == = 
Length of specimen = 4:0cm. Thickness = 0-104 cm 

206 :3 113-0 1-00 x 10!° =: 10-000 — — 92659 — + 9-56 
188-1 280-5 6-22 10-794 2:00 x 10° 9-301 10-489 8-946 +12-01 
AZ 291-5 6:70 10-826 {OU ES) 9-061 10-556 Sa 92 +14-82 
148-7 296-5 6°85 10-836 5:78 x 108 8-762 10-619 8-548 +20-88 
130-1 300-0 7:04 10-848 2:34 8-369 10-684 8-283 +27:84 
110-4 302-5 7-10 10-851 2236 8-373 10-756 8-276 +39-71 
89-1 305-2 7-20 10-857 bortess 8-072 — 10-849 8-064 +61-68 
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Some properties of a simple omegatron-type mass spectrometer 
By A. G. Epwarps, M.Sc., Ph.D., Research Laboratories, Associated Electrical Industries Ltd., Aldermaston, Berks. 


[Paper first received 20 July and in final form 2 September, 1954] 


An experimental investigation is described, designed to show the effect of changing tube parameters 
on the resolution, sensitivity and resonant frequency for the Nj peak recorded by an omegatron- 


type mass spectrometer. Various departures from simple operation are reported, some of which 

are attributed to space charge, but it is shown that, under suitable operating conditions, the 

omegatron may readily be used for analysing simple mixtures of the lighter gases. For the 

apparatus described, the partial pressure detection limit at low total pressures 1s about 10° '' mm 
of mercury. 


The omegatron is the name given by Sommer, Thomas and 
Hipple® in 1951 to a device in which, of various ions generated 
simultaneously in a region of uniform magnetic field, those 
of a single-charge mass ratio are accelerated in spiral orbits 
of increasing energy by a crossed, spatially uniform, electric 
field alternating at the cyclotron frequency. If the strength 
of the magnetic field or the frequency of the electric field is 
varied, ions of different mass/charge ratios are accelerated in 
turn, and the detection of these resonant effects enables the 
identity of the ions present to be established. The instrument 
thus used constitutes a mass spectrometer which holds promise 
of being both simple and sensitive. This was pointed out in 
the original paper, and more recently Morgan, Jernakoff and 
Lanneau®) have described the use of a similar instrument for 
the analysis of organic vapours, Berry®) has presented a 
theoretical treatment of the ion trajectories, while Alpert and 
Buritz® have reported its use when adjusted to have high 
sensitivity, the associated resolution being low. 

The present paper discusses experimentally measured 
omegatron characteristics. Many details of performance are 
not predicted by the theoretical treatment, so that such 
information is desirable in assessing the suitability of the 
omegatron for specific analytical tasks. This investigation 
has been primarily concerned with establishing its use for 
low-pressure gas analysis, in connexion with investigations of 
high-vacuum processes and techniques. 


PRINCIPLE OF OPERATION 


Fig. | is a schematic diagram of the omegatron electrode 
assembly. The electron beam is fired along the magnetic 
field, across the centre of the ionization chamber to an 


Fig. 1. 


AA’ = side electrodes; BB’ = condenser plates; C = anode; 
C’ = secondary electron suppressor; D = electron collector; 
E = slot for ion collector; F = filament. 


The omegatron assembly 
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f 
electron collector on the opposite side. Ions are formed , 
within the beam by electron collision with molecules of the 
residual gas, and their thermal and dissociation energies 
cause them to spiral round the lines of force with angular 
velocity w = eH/M radians/s (e = particle charge, M = _ 
particle mass, H = magnetic field strength). The radius of 
these spiral orbits is, in general, so small that only a small 
fraction of the ions generated within the electron beam can | 
escape from it radially as a direct result of their initial energies. 
If a weak electric field in the y-direction alternates with the 
angular frequency eH/M,, ions of charge/mass ratio e/M, 
are continuously accelerated and spiral away from the electron 
beam to an ion collector parallel to it, and at a distance rg cm. 
The resonating ions drift parallel to the magnetic field | 
with the axial component of their initial velocities, and this 
drift, if unrestrained, would bring the majority of them into 
collision with the omegatron electrodes before they were 
accelerated to the ion collector. To prevent this, d.c. trapping 
potentials are applied and the shape and strength of the | 
electric field thus established have considerable influence on 
omegatron characteristics. 
Sommer, Thomas and Hipple“) have discussed the simple. 
theory, and have derived expressions for collection energy, 
resolution, time of flight, and path length. These are given 
in the table, together with numerical values in typical cases. 


APPARATUS 


The design of omegatron used in the present investigation 
is similar to that of both Sommer and Alpert.. Basically, the ‘ 
assembly consists of a box which is square in a plane per- 
pendicular to the magnetic field, while its length in the 
direction of the field is somewhat less. The electron gun ' 
consists of a sprung 0-004 in. tungsten filament held axially ‘ 
in a metal tube by ceramic bushes. This tube is fixed to one 
side of the ionization box, and a slot is cut perpendicular to 
the filament in the wall through which the electrons pass in a 
beam strongly focused by the magnetic field. This beam ’ 
passes through an aperture in the opposite wall to an electron ° 
collector biased positively with respect to it so that secondary - 
electron emission is suppressed in the usual way. » The con- 
denser plates, between which the alternating voltage is | 
applied, form the top and bottom of the ionization chamber. 

The electrodes are made from a non-magnetic copper— 
nickel alloy and are held together by nuts and bolts with 
ceramic and mica insulation. The design is such that the 
assembly in its glass envelope will fit into a magnet gap 14 in. - 
wide. 

Tubes have been constructed in which guard rings were 
inserted between the condenser plates to ensure . Spatial ° 
uniformity of the alternating electric field, but this additional | 
complexity was not always found necessary. If guard rings 7 
were not used, the remaining two sides of the omegatron — 
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Quantity Symbol Relationship 

| Resonant angular frequency (rad/s) Wy Woy = a 

| DD) 
Collection energy in volts V We as Lites 

| 2M 
2 

| Resolution* R oO 
| 2E)M 
| Path lengths Ggnoring movement in 1G E-= 2Rro 

z-direction), cm 

|Time of flight to ion collector at To ToS cet 

resonance (1s) Eo 


I Case | 

[eee = 2-3 KG ro = 0°7 em. 

Applied r.f. voltage is 0-5 V r.m.s. between plates 
1-5 cm apart. 


I * The theory assumes 100° collection efficiency and hence 
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Algebraic expressions and typical numerical values for principal characteristics of omegatron-type mass spectrometer 


Case 1 Case 2 
Mie =2 Mie = 28 M/e=2 Mle = 283 


Ie eS KGY TPS gi Os 2:16 x 107 1-54 x 106 


62 4-4 240 17 
190 1323) 360 26 
270 19; 500 36 
69 67 
Case 2 


H =4:5kG, ro = 0-7 cm. 
Applied r.f. voltage = 1-0 V r.m.s. between plates 
1-5 cm apart. 


predicts parallel-sided peaks. Resolution is then defined as 


mid-peak frequency 


H assembly were filled with solid sheet or mesh electrodes. In 
; both cases, the ion collector was supported directly from the 
& «lass envelope of the tube. In the former case it was positioned 
\ between two guard rings and projected slightly into the 
; interior of the box, while in the latter it projected into the 
box through a slot milled in one of the side electrodes. 

The omegatron is pumped on an all-glass system by a 
mercury diffusion pump backed with an oil-filled rotary pump. 
Provision is made for baking the tube and the liquid air 
| traps in separate ovens so that vigorous vacuum processing 
can be applied and the background pressure reduced to a 
‘low value. 

If magnetic field non-uniformity is not to limit resolution, 
| the maximum fractional departure of field strength from the 
| average value must be small compared with the reciprocal of 
the highest required resolution. In the present case, a 
| permanent magnet, weight about 30 Ib, is used to give a field 
strength of 2:3kG, while for more intense fields, this is 
| replaced by an electromagnet with associated stabilized power 
|pack. In both cases, shimming of the polepieces results in 
#, a magnetic field uniform to about two parts per thousand 
i over the volume in which acceleration of ions takes place. 
| The low current measuring unit is of vibrating reed type (see, 
for example, Kandiah and Brown®)) and has a noise level 
less than 10-15 A. The radio-frequency voltage is obtained 
| direct from a standard signal generator, and the omegatron 
|| power supplies from accumulators and high-tension batteries, 
| though latterly a mains driven electron beam current stabilizer 


| has come into operation. 


— a 


CHARACTERISTICS 


| General. At 2:3 kG, the spectrum obtained by varying the 
i frequency when the magnetic field is fixed depends markedly 
| on operating conditions. In order to discuss these effects, 
| four tube parameters and three peak characteristics may be 
| distinguished. The four tube parameters are (a) strength of 
i the varying electric field, (4) magnitude and shape of the 
| trapping field, (c) magnitude of the electron beam current, 
i, and (d) pressure of the gas. The three peak characteristics 
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| peak width 


are (a) the frequency corresponding to peak maximum, from 
which is inferred the e/m ratio of the resonating ion, (b) peak 
height which determines the sensitivity, and (c) peak width 
at half height which is a measure of the resolution. A study 
has here been made of the dependence of peak characteristics 
on tube parameters for the molecular ion of nitrogen taken 
as typical of those of interest in high vacuum investigations. 

Trapping potential. Although the mean thermal energies 
of molecules at room temperature correspond to a few 
hundredths of an electron volt, it is found that trapping 
potentials of order 1 volt can be used with advantage to 
increase the peak height obtained under fixed conditions. 
One method of trapping is to maintain the two condenser 
plates at d.c. earth potential, while applying a positive bias 
to the remaining electrodes enclosing the ionizing region, 
and the characteristics given here apply to trapping of this 
type when guard rings are not used. 

In Fig. 2(a), peak height pressure curves are drawn for | 
three values of trapping bias; also, the frequency corre- 
sponding to peak maximum and the widths of the peaks at 
half height. An experimental value for resolution may then 
be defined as the ratio of resonant frequency to the width at 
half height. For the conditions quoted it is seen that a 
trapping bias of 0:6 V is to be preferred to 1:0 V and 0-3 V 
on the scores both of sensitivity and linearity of response. 

Strength of alternating electric field. Theory predicts that 
a reduction of the alternating electric field strength will 
increase the resolution by decreasing the energy increment 
per cycle of the resonating particle. The increased time of 
flight would be expected to give larger ion losses and hence 
diminished peak height. 

So far as resolution is concerned, experimental results fall 
in line with the predictions of theory. Fig. 2(b) shows, 
however, that with 0-1 ~A of electron beam current, under 
the conditions quoted, a radio-frequency voltage of 0°8 V 
r.m.s. gives a greater sensitivity than either 0°6 V or 1:0 V. 
This figure also shows a departure from linearity at higher 
pressures, a feature which is always present, though the 
pressure at which it occurs depends on the value of the other 
parameters, particularly the electron beam current. With an 
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electron beam of 1 A, and lower pressures, a radio-frequency 
voltage of 0:6 V r.m.s. was found to be the optimum and 
gave resonance at a frequency about 14 kc/s lower than did 
ODV Ems: 

Effect of electron beam current. If the efficiency of ion 
collection is constant, the peak height will be proportional to 
the rate of ionization, that is to the product of gas pressure 
and electron beam current. Experimentally, this is found to 
be approximately true for low rates of ionization. Fig. 2(c) 
shows a plot of log peak height against log pressure for 


harmonic acceleration will also occur as a result of spatial 
non-uniformity of the alternating electric field. In the} 
idealized cyclotron, the dee system gives a particular form of 
spatial non-uniformity, for which a given mass 1s accelerated) | 
by the fundamental frequency fand also by higher frequencies, 
3f, 5f, etc. In the omegatron, similar effects can result from . 
spatial non-uniformity of the field, the particular harmonics) 
excited depending on the type of non-uniformity present. 

Stability. Barnard® has described some experiments ony 
the charging up of the surface of nominally conducting! 
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tial on omegatron characteristics 


High-tension voltage = 72V; H = 
2-3 kG; electron beam current = | wA; 
radio frequency voltage = 0-6 V r.m.s. 


© Trapping potential 0-6 V. 
+ Trapping potential 1-0 V. 
x Trapping potential 0-3 V. 


oy 7 
ae 


electric field strength on omegatron 


characteristics 
High-tension voltage = 72V; H = 
2:3kG; electron beam _ current = 


0-1 uA; trapping potential = 0:75 V. 


x Radio-frequency voltage 1:0 Vr.m.s. 
O Radio-frequency voltage 0:8 Vr.m.s. 
+ Radio-frequency voltage 0-6 V r.m.s. 


on omegatron characteristics 


High-tension voltage = 72 V; H=2:3kG; 
radio-frequency voltage = 1:0 Vr.m.s.; 
trapping potential = 0-75 V. 


x Electron beam current 2:8 wA. 
e@ Electron beam current 1:0 WA. 
© Electron beam current 0:3 wA. 
+ Electron beam current 0-1 WA. 


several values of electron beam current plotted for the 
pressure range before marked non-linearity sets in. The 
gradient of these curves is approximately unity, except for the 
2:8 A characteristic for which peak height is less than 
proportional to pressure. The separation of the curves 
shows that peak height, at fixed pressure, is approximately 
proportional to electron beam current. 

At this magnetic field strength, electron beam current has 
a marked effect on both resonant frequency and peak width. 
A change from 2:8 to 0:1 uA produces a frequency shift 
of 114% or more than 3 mass numbers in this region of the 
spectrum, while resolution for a beam of 2:8 wA is more 
than three times as great as for a beam of 0°3 WA. 

Harmonic effects. ‘‘Mass harmonics” will be recorded as 
a result of two processes. The first is the acceleration of an 
ion by a harmonic in the output of the oscillator providing the 
alternating electric field. In a standard variable frequency 
signal generator, second harmonic distortion may be appre- 
ciable, and then, for example, mass 28 ions are recorded to a 
diminished extent, in the mass 56 position as well. Mass 


electrodes when subjected to bombardment by charged 4 
particles, and has shown that this effect is most pronounced. 
for low-velocity particles at grazing incidence. The sensitivity 
of the omegatron is markedly dependent on the relative 
potentials of the six walls of the ionization chamber, and‘ 
these are bombarded under just those conditions which lead ' 
to maximum charge build-up effects, so that constancy of’ 
characteristics is difficult to obtain. Surface smoothness and 
cleanliness of electrodes helps to minimize such effects and | 
gold plating is of some value. 

This difficulty is more serious in work on hydrocarbons 
than in many high-vacuum studies where approximate 
analyses are adequate, and gases present are few and simple. 
Morgan, Jernakoff and Lanneau,?) who have worked 
extensively with hydrocarbons in an omegatron-type instru- 
ment, report good stability for the cracking pattern of normal ' 
butane. 

_ Typical spectra. Fig. 3(a) represents the result of scanning: 
the residual gases in a sealed-off ionization gauge which, 
after evacuation both on the plant and by electrical clean-up, 
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1) sisting largely of normal butane. 


Some properties of a simple omegatron-type mass spectrometer 


| was left with the ionization gauge turned off for 5 weeks. 
if Spot Teadings of the gross pressure before and after the 
i experiment gave 3 x 10-7 (mm_ of mercury) nitrogen 
equivalent. The large mass 4 peak resulted from the pene- 
| tration of the glass envelope by helium from the atmosphere 
as discussed by Alpert and Buritz,“ while the remaining peaks 
| indicated the presence of carbon monoxide and probably 
nitrogen. The effect of running the ionization gauge for 
3 days was to diminish the helium partial pressure both 
absolutely and also relative to the other components. 
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Fig. 3(a). Spectrum of residual gases in sealed-off 
ionization gauge 

High-tension voltage = 72 V; H = 2:3 kG; beam = 2-8 wA; 

gross pressure = 3 < 10-7 mmof mercury; trapping potential 


0:4V on anode and secondary electron suppressor only 
(system 2). 
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Fig. 3(6). Spectrum of impure form of butane 


High-tension voltage = 72V; beam current = 0:5 WA; 
d.c. potential on guard rings = 0:2 V; pressure = 1:4 x 
10-6 mm of mercury; H = 3-8kG. 


Fig. 3(6) is the result of running an organic mixture con- 
A guard-ring system was 
used to give a spatially uniform electric field, and the con- 
ditions adjusted to give good resolution rather than high 
sensitivity. The peaks round mass 43 were then completely 
resolved, but this was not true of the peaks near mass 58. 


DISCUSSION 


Trapping field. The initial requirement of the trapping field 
is that it should restrict the free movement of ions along the 
magnetic field, and thus minimize loss of resonating particles 
as a result of the z components of their initial velocities. 
In Fig. 1, the radio-frequency voltage is applied between 
B and B’, and the electron beam is normal to C and Gr 
| If B and B’ are maintained at d.c. earth potential, and the 
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other four electrodes are raised to the same positive potential, 
it is found that there is an optimum value of this potential, 
usually less than 1 volt, to give maximum peak height. In 
Fig. 4(a), the lines of force are shown which minimize escape 
of positive ions in the z direction, and in Fig. 4(6) is shown 
the complementary set in a plane at right angles. The dotted 


OH 


Fig. 4(5). Lines of 

force in a plane per- 

pendicular to the 
electron beam 


Lines of 

plane 

parallel to the electron 
beam 


Fig. 4(a). 
force in a 


lines show the equipotentials along which charged particles 
can move in trochoidal paths at a net speed E/H. It is 
apparent qualitatively from these diagrams that a positive 
potential on C and C’ will produce a trapping effect, while a 
potential on A and 4’ will increase an ion’s ability to escape 
to the walls across the field. 

If we compare operation when AA’ is joined electrically 
to CC’ (bias system 1) with that obtained when AA’ is joined 
electrically to BB’ (bias system 2), we observe that relative to 
system 1, system 2 frequently gives (a) an increase of that 
background component of ion current which is largely 
independent of the frequency of the radio-frequency voltage, 
(b) a general increase of peak height accompanied by peak 
splitting and the appearance of spurious broad peaks, and 
(c) the occurrence of appreciable peak heights at small radio- 
frequency voltages, though not with the full predicted increase 
in resolution. The overall spectrum complication is such 
that operation under these conditions is only advantageous if 
the maximum possible sensitivity is essential. 

If the potential of A is mid-way between that of B and C, 
the sensitivity of system 2 can be combined in some measure 
with the spectrum purity associated with trapping system 1. 
The background current to the probe can also be reduced in 
other ways, for example by making large apertures in C and 
C’, placing behind them additional negatively biased electrodes, 
through which small holes are drilled for passage of the 
electron beam. 

An ideal trapping system is selective in that it operates 
exclusively on the resonating particles. A trapping field 
which is weakest on the central axis of the tube is selective in 
this sense to a certain extent, but it may prove possible to 
obtain better results with a time varying trapping field, and 
this is being investigated. 

Potential depression in the electron beam. A calculation of 
the potential barrier which an ion generated in a 1 vA 
electron beam must overcome to escape to a distance of, say, 
4mm from it, gives a value comparable with the thermal 
energy of the ion. This suggests the possibility that an 
appreciable proportion of the ions produced in the beam are 
unable to escape from it, since the frequency for resonant 
acceleration near the beam, where the space charge field is 


high, 
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is appreciably different from that elsewhere. Experi- 


mental evidence supporting this idea is as follows: 


(1) 


(2) 


a plot of background current to the collector against 
electron beam current gives an inverted parabolic-type 
curve; 

a plot of peak height against beam gives a similar type 
of curve, though the maximum occurs at much smaller 
beam currents. A particular example is shown in Fig. 5; 
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Fig. 5. Variation of peak height with beam current at 
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h-tension voltage = 72V; H=4-7kG;_ pressure = 

x 10-5 mm of mercury; radio-frequency voltage - 

mV r.m.s.; trapping potential: CC’ =1:5V; AA’ = 
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Fig. 6. Variation of peak height with alternating electric 


field strength at fixed pressure 


High-tension voltage = 72 V; H = 3-2kG; guard ring d.c. 
potential zero; resonant ion N>. 


Electron beam current: 


(3) 
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plots of peak height against radio-frequency voltage 
for different beam currents (see Fig. 6) show that with 
a weak alternating electric field, a small beam gives a 
bigger peak height than a large one. The implication 
is that the radio-frequency field is instrumental in 
extracting ions from the beam, largely by a non- 
resonant process ; 
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(4) the frequency at which maximum peak height is ob- 
tained is found experimentally to depend not only on 4 
trapping potential but also on beam, current, radio- } 
frequency voltage and, to a small extent, on pressure. . 


Sommer, Thomas and Hipple pointed out that, in the | 
presence of a weak radial electric field, the angular frequency § 
at resonance w is given by: 

(i Wo she: ECHL M 
where wy = eH/M, E, = radial field at radius r. The radial § 
electric field arises from both the trapping potential applied § 
and the disposition of space charge, and it is through this 
latter term that radio-frequency voltage, beam and pressure 
are able to affect the frequency of resonance. An important | 
contribution to this correction term comes from the negative § 
charge in the electron beam, and since the resonant frequency 
of an ion varies with position unless E,/r is constant, the 
electron beam current can also affect resolution. 

If E, is fixed, the correction term becomes relatively less 
important as the square of the magnetic field and the inverse 
of the mass number. Thus, the relative frequency shift of 
one part in 5000 per volt trapping potential reported by 
Sommer, Thomas and Hipple for mass | is equivalent to about @ 
2% per volt for mass 28 at half the magnetic field, a value in | 
reasonable agreement with that observed in the present case. { 


CONCLUSION 


The electrical discharge taking place in the omegatron is 
similar to other types of discharge in magnetic fields in that # 
the processes are difficult to understand and describe in 
detail. Provided, however, that operating conditions are § 
kept within certain empirically established limits, the omega- = 
tron can readily be used as an ionization gauge able to | 
measure partial pressures of the various components in a | 
mixture of the lighter gases. For this work, it has the § 
advantage that it can be degassed both by pre-processing and 
by baking on the plant. { 

With a relatively simple apparatus, the detection limit | 
corresponds to a partial pressure of about 10~!! mm of | 
mercury, and the resolution is adequate to separate adjoining ~ 
masses up to the At and CO; region of the spectrum. A 
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[he physical and computing significance of an electrical analogue of 


creep and recovery 
By A. J. KENNEDY, Ph.D., A.M.I.E.E., F.Inst.P.,* The Royal Institution, London, W.1 


[Paper first received 30 August, and in final form 22 October, 1954] 


The instrument described is basically a simple non-inductive transmission line, made up of 
identical sections, with the capacitance divided into recoverable and irrecoverable elements, in 
series, by the use of rectifiers. A voltage programme can be set up and applied automatically 
to simulate the stressing, and the charge taken by the network, with time, is integrated and 
recorded as the creep strain analogue. The simple power-type creep curve exhibited by solids 
(in particular the cubic type) is accurately reproduced. The time-functions which relate the 
character of the creep in metals with the times of stress and off-stress are very similar to those 
obtained with the analogue. Creep recovery, permanent flow and creep under changed stress’ 
(including reversed stress) can all be satisfactorily handied. The character of transient creep 
and recovery does not, therefore, demand special models involving arbitrary distributions of 
relaxation times. Problems must be set up on the machine using data obtained from short-term 
tests: calculations of prolonged intermittent creep can then be quickly completed. No account 
can at present be taken of temperature changes. On this basis, a comprehensive analogue creep 
computer, of a much higher operating speed, appears possible. This would be complex and _ 
expensive, but no more so than many analogue machines now in use for other purposes, and 
the cost and delay of extensive long-term testing would be much reduced. 


; Models which exhibit exponential characteristics have been 
widely used to express the stress and strain behaviour of 
+ solids. A variety of systems have been built up using Maxwell 
and Voigt elements with a view to simulating the response of 
biological fibres,“) rubber@) and a number of other solids.@ 
ithe whole subject has been comprehensively reviewed by 
: Zener.% The exact quantitative behaviour of any particular 
s solid clearly depends upon the distribution function of the 
; relaxation times, and considerable attention has been given 
io this aspect of the problem in recent years, leading to 
* attempts to correlate such properties as creep, relaxation and 
internal friction.©) 

At the same time other work, notably that in the field of 
‘metal physics, has been concerned with the nature of certain 
: discontinuous and largely irreversible processes, such as the 
| motion of dislocations.“ A considerable advance has been 
made in the last few years in interpreting a number of 
deformation phenomena in terms of the motion and inter- 
jaction of such dislocations” yet we still have no certain 
| theory for either creep or recovery. As far as creep is con- 
| cerned, the question is why a law of the general form € = Bre 
| should be exhibited, where 8 and p are constants (and p a 
| fraction), and «€ the creep strain at a time ¢ after the application 
of the stress. In particular, why is p very near to the Andrade 
i) value + over a large range of conditions for a variety of 
| metallic and non-metallic materials?) One explanation of 
I) this fact, based on the behaviour of dislocations, has been 
| put forward by Mott.) 

Recently, a number of experiments on the creep and 
| recovery behaviour of materials have revealed certain very 
| significant features.2° !1- 12) In general, these experiments 
| demonstrate the great importance of the stress history on the 
| creep response of metals: large errors can arise if attempts 
are made to compute the actual creep strain attained under 
| discontinuous stress on the basis of the continuous stress 
I) characteristics. While the behaviour of a metal in a simple 
}| discontinuous test (such as one in which the stress is removed 
i for one or two periods) is relatively easy to express analytically, 
| the behaviour when the stress is varied irregularly over 
| extended periods is far too complex to treat rigorously. 
| Approximations have been made“!® to cover certain cases, 


* Now at The British Iron and Steel Research Association, 
}} London, S.W.i1. 
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such as those of regular stress pulses, but some means of 
quickly computing the more general (and possibly more 
practical) problem is clearly desirable. 

For this reason, an electrical analogue computer has been 
developed which simulates the behaviour of metals under a 
variety of test conditions. Besides being a useful tool in 
creep design, the circuits necessary to reproduce the mechanical 
properties of solids themselves suggest how these phenomena 
may arise and interact. This paper describes the electrical 
functioning of the computer, compares its performance in 
detail with the behaviour of solids, and suggests how it may 
be developed to handle even more complex conditions. 


THE BASIC ANALOGUE METHOD 


The use of exponential functions in various combinations 
is a familiar computing technique.@4) The principle has been 
applied, for example, to computers used in the analysis of 
earthquake records,!3) to problems in heat transfer,“4 oil 
reservoir behaviour,“5) the performance of jet engines,“® 
cable temperatures?) and magnetic circuits.“8) Networks 
can readily be devised to reproduce a typical creep curve; 
although it is often asserted by those concerned with the 
subject that the creep curve cannot be made up out of 
exponential functions and must be considered as a true 
power law. There would be little point in developing some 
special complex network which, by judicious adjustment, 
happened to provide the type of curve characteristic of creep. 
The question is whether some simple, regular network can 
exhibit the required features. In fact, can the apparently 
arbitrary nature of the distribution function of relaxation 
times be eliminated, and the distribution follow as a natural 
consequence of the network itself, that is, of the way in 
which such elements are interconnected? The electrical 
analogy usually adopted is that of replacing strain by voltage, 
and stress by current, with the elastic and the viscous elements 
replaced by resistance and capacitance respectively.¢?) In 
the machine to be described, the basic network is a non- 
inductive transmission line in which are included certain 
irreversible elements (rectifiers); this behaves analogously to 
a metal if the voltage applied and the total charge taken by 
the network are considered as the electrical analogies of 
stress and strain. Such a system is essentially a chain of 
equal repeated sections, but the effective relaxation times are 

*K 
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not equal, and differ for charge and discharge conditions, 
depending upon the position of the element in the chain. 
The elementary unmodified non-inductive transmission line 
is shown in the inset to Fig. 2, the voltage being applied at 
the input terminals on the left. This simple type of network 
can indeed reproduce a creep curve (charge against time) of 
the required form, and a variety of such curves is possible, 
depending on the relative capacitive and resistive values. In 
order to demonstrate this general qualitative similarity, curves 
obtained using the simple network are reproduced in Fig. 1 


(d) The dependence of the creep behaviour, after a stress 
interruption, on the duration of that interruption (recovery) | 
for a constant prior creep time. 

(ec) The creep behaviour when stress is changed for a 
period during a constant stress test. 


(f) The form of the creep recovery curve. 
This search for the simplest possible network involved 


hundreds of tests before the final system was achieved. Many 
of these results are of considerable interest in a negative 


Creep strain ——» 


SOLIDS 


(a) Time ——~> 


Fig. 1. 


together with some creep curves for various materials, taken 
from the literature. The time and strain scales are, of course, 
quite arbitrary. The analogue cannot, with its present type 
of output recorder, reproduce an instantaneous extension 
(this will be evident when the whole machine is described in 
detail), but the close correspondence between the charging 
properties of the network and the creep properties of solids 
appeared to justify an examination of the possibilities of this 
main principle. 


Details of the curves drawn in Fig. | 
(a) (6) 


Curye G R Rr Rp 
A 10 F 2MQ 17MQ finite Aluminium 
B 10 nF DMFT MO re Mortar 
Co 10a F: 2MQ  27MQ co Concrete 
D 10uF  2MQ 17MQ_ oo. Steel 
Bo. 10.pP Mr) 2 MOK TMO- 2 oo) Sobead 
F 10nF 2MQ coo ~—- Nylon 
G 10 wF 4MQ 47 MQ eo) Rubber 
Joh * 220 kQ 2:2MQ oc 
te 10nF 220 kQ CO 


[* C-values are non-uniform, being 10, 10, 8, 8, 2 and 2 uF 
reading from the input. ] 


The conditions which an analogue network has to fulfil are 
extremely rigorous, and the development of the device pro- 
ceeded by successive trials and modifications until the follow- 
ing set of solid characteristics were all simulated by a single 
network (simulation of one only is quite simple). 


(a) The form of the creep curve: that is strain = (time)? 

where B is a constant and p fractional (near to 4). : 
(b) The form of the creep curve after a stress interruption. 
(c) The dependence of the creep behaviour, after a stress 


interruption, on the prior creep time for a constant period of 
interruption (recovery). 
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Demonstrating the general qualitative similarity between (a) the charging behaviour of a simple RC 
transmission line and (b) the creep behaviour of a variety of solids. Details are given in the table, the creep 
results being taken from previously published curves®) 


(b) Time 


—- 


sense, in that they demonstrate very strikingly the falsity of © 
certain types of network: this point will be taken up again in — 
the subsequent discussion. 

The analysis of the simple transmission line under steady- 
state conditions is straightforward, but the response to | 
repeated transients is extremely complex. The value of the 
current flowing into the network at the instant ¢ after the © 
application of the voltage is 


Ze E = E 
mR mR 


exp (— 4t/RC) 


2K m1 ST 3 
— aR x exp | 21(1 cos 2) [xc (i) 

where m is the number of sections in the network, and | 
s=1, 2,3... The solution of the general problem of | 
repeated impulses, of various duration and spacing, for 
more complex networks containing non-linear elements, such 
as rectifiers, is an impossibly difficult task by analytical 
methods. This is particularly true if the influence of changing 
the values of components or the effect of non-uniformity of | 
the sections, is to be investigated. It is significant that a 
similar difficulty was encountered in attempting to express ° 
the behaviour of solids under discontinuous ‘conditions in an 
analytical form.@® 

The instrument developed, then, enables such an investi- | 
gation of the influence of the test and circuit parameters to. 
be reasonably undertaken. 


THE DEVELOPMENT OF THE BASIC NETWORK 
ELEMENT 


The general qualitative results of the type reproduced in 
Fig. | were, then, promising. In more detail, one such creep | 
curve is reproduced in Fig. 2, with the same curve also plotted — 
again (time). The linearity of this relationship is striking. — 
The creep curve of a solid, when plotted in this way, cuts the | 
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Fig. 2. Charging behaviour of simple RC 
transmission line 


C= 10\uF:. R=2 MO; R= 17 Mo: 

Curve B is simply Curve A plotted against 

(time)!/3.. The straight line section of 

Curve B has been extended by the dotted 

line: the curve itself must pass through 
the origin, of course 
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\/ 
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i ordinate above zero, at a point taken to represent the 
It has already been noted that the 
method of recording the strain analogue cannot respond to 
i instantaneous changes, because the speed of the output motor 
- must be finite, and consequently the type of result shown in 
: Fig. 2is observed. It is an interesting fact that some workers, 
kin attempting to fit a cubic equation to their results, have 


ki 


: derived, in certain cases, an “‘initial specimen length” less 


» chan that measured. This could clearly arise if the instan- 
I taneous extension were insufficient to compensate for the 
s effect shown in Fig. 2. 

It would be tedious and pointless to enumerate all the stages 
| in the development of the analogue circuits. The final net- 
' work is substantially that shown in the inset to Fig. 4, to 
' which is added some terminating resistance. Results on 
| metals clearly demonstrate the operation of an irreversible 
| element of some kind: complete recovery (softening) does not 
necessarily occur (even after an infinite time) if the tempera- 
ture is not sufficiently high. It is essential, therefore, to 
| introduce some form of irreversible element, and this has been 
| achieved by the use of rectifiers. Before describing the 
| analogue in more detail, it is worth while considering one 
) essential property of any. such system. This property may be 
| termed “overtake” and in terms of the network it may be 
| expressed as follows. It must be possible (if only just 
| possible), by removing the applied voltage for a certain 
| selected period (or periods), to obtain a greater total charge 
| than that which would have been obtained by maintaining 
| the same voltage constant for the same total test period. In 
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| 
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O 400 


Time (s) 


600 800 1OOO 


Fig. 3. The behaviour of single-element, open-ended 

networks of the type shown when the voltage is reduced 

to zero for 100s during the test, compared with the 

behaviour under a continuous voltage. All exhibit the 
essential ““overtake”’ characteristic 


Fig. 4. The behaviour of a six-element, 
open-ended network (R; = 00) under con- 
tinuous voltage Curve 4, and interrupted 
for 25s every 50s Curve B. A continuous 
curve has been drawn through the Curve B 
points for simplicity, although in detail the 
curve is obviously a series of small steps. 
This network is the essential transient 
element in the full analogue machine, and 
clearly exhibits the characteristic of overtake 


Curve C'(2F) C(uF) R’(MQ) 
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B 10 10 100 
G 2 10 100 
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C= 10 uF 
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And: 


the solid case, experiments have demonstrated“ !" that a 
greater creep strain may be achieved in some chosen time by 
actually removing the stress at intervals rather than leaving it 
imposed the whole time. 

It is necessary, then, that this property should be exhibited 
and in Fig. 3 the overtake is shown occurring, in a single- 
section network, for three different sets of component values. 
The ordinate scale is the same for all three tests. Overtake 
clearly occurs after only one interruption in a network such 
_as this (the curves are not, of course, cubic). The point is 
further demonstrated by Fig. 4, which shows the result of 
interrupting the voltage for 25s in a 50s cycle, the network 
being of six sections and open-ended. At any selected time 
on the axis, then, the network under curve B conditions has 
been subjected to voltage for only one-half the scale time, 
and yet, eventually, it overtakes curve A. 

Another important feature of the transmission line type of 
network is that a permanent flow component arises naturally 
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by virtue of the direct current path through the terminating 
resistance. 

In the next section the full machine is described and the 
results of experiments with this type of basic circuit presented. : 


THE ANALOGUE MACHINE 


The full circuit diagram of the apparatus is given in Fig. 5. 
The original six-section non-inductive transmission line 
contains variable resistance and capacitance (R,, R,... and 
C,, Co,...) with jacks included in the sections enabling | 
additional components to be plugged in, or section current. 
to be read and integrated. The modifications required to 
reproduce the network drawn in Fig. 4 are shown at the top 
of the diagram. Each plug, P, to Pg, is connected in to the | 
corresponding jack, J; to Jz. A number of shorting switches — 
have been omitted for simplicity: these are used to examine 
the influence of short-circuiting the rectifiers, and to discharge 
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Circuit diagram of the analogue 


52 BRITISH JOURNAL OF APPLIED PHYSICS 


ithe condensers rapidly after a test. Other switches S enable 
|the sections to be connected in parallel, rather than in series, 
lif desired, and rectifiers can also be connected in series with 
ithe R’ resistors. 

ER he d.c. voltage (24 V) is applied at V. In the tests reported 
jin this paper, the total current flowing into the network has 
pyocen integrated by plugging P, into J,. This current is 
Hamplified by a magnetic amplifier and the output voltage 
jiapplied to an integrating motor M which drives a five-digit 
counter through continuous gearing. A protection circuit is 
jinterposed between the output and the motor, the value of 
ithe cut-out voltage (irrespective of sign) being set by Ry. If 
qithe relay PR operates, the fault lamp L, is illuminated, and 
jvoltage is taken off the motor, the transmission line and the 
programming unit. The circuits remain held open through 
the hold contact of relay O until manually released. 

| At the input end of the transmission line a number of 
| additional special facilities are incorporated. Creep recovery 
‘(that is, creep in a reverse direction on stress removal) can 
# be simulated by closing S;. A discharge path through Rg 
|now exists if the section rectifiers are short-circuited. The 
;switch S, and the variable resistance Ry constitute the 
i permanent flow component control: a constant current 
i through Ro is simply integrated and added to the transient 
component. It should be remembered that the main network 
itself also has a permanent component. There is provision 
| at C,; for the connexion of an external condenser, as required, 
: for simulating instantaneous extension. This possibility has 
not been examined here, because of the unsuitability of the 
# recording device. The switches associated with condenser C, 
é control the circuits through which condenser C,; may dis- 
i charge during the recovery periods, and whether or not these 
instantaneous changes appear in creep recovery. 

The programming, or control, unit enables the loading 
(voltage) programme to be set up in a relatively simple 
| manner. It operates in the following way. A uniselector is 
| driven by clock pulses at half-second intervals, derived from 
| D, or from any external pulse source plugged in to Jj9. Four 
‘banks of the uniselector are used, the wiper arms being so 


The physical and computing significance of an electrical analogue of creep and recovery 


cut and connected that four banks of twenty-five contacts 
each are effectively converted into two banks of fifty contacts 
each. These two effective banks are wired as shown to fifty 
jacks; only the first and last jacks are shown wired in Fig. 5, 
the rest being omitted for simplicity. The centre spring 
contacts of all the jacks are short-circuited, so that if a jack 
is unplugged, the uniselector coil US has a through contact 
to the 24 V supply when the clock contact closes. It therefore 
simply pulses the uniselector wipers on to the next set of tags. 
If it is required to apply voltage at any particular jack or jacks 
(that is, “‘load”’), then a plug (or plugs) connected as shown 
by P, to a row of commoned terminals 7; is plugged in at 
the relevant jack. When the wiper arms reach the tags 
connected to this jack, the relay A operates and holds, the 
“load” lamp L, is illuminated and voltage is applied to the 
network. The uniselector continues stepping until the wipers 
encounter tags connected through the jack to a plug of the 
Py type. When this occurs, relay B operates, relay A is 
released, power is transferred from the load lamp L, to the 
unload lamp L;, and voltage is cut off from the network. This 
process occurs repeatedly, as desired, with the limitation that 
after fifty steps the whole sequence is repeated. To increase 
the facilities offered by the programmer, a further set of com- 
moned terminals, and their associated plugs, enable the re- 
cycling period to be reduced. As an example, suppose the 
loading cycle required is one of six intervals (say three on 
and three off). Eight such cycles can be fitted into the fifty 
positions, with two positions spare. If these two positions 
are connected to T, through P,, type plugs, then the uniselector 
will drive itself over these positions through its own break 
contact US, the clock path being broken. These positions, 
then, are effectively discarded. The number of cycles of 
loading is recorded by the message register MR. 

To sum up, the instrument integrates the charge flowing 
into a transmission line type of network when this network 
is subjected to a voltage interrupted automatically according 
to some chosen programme. The charge is recorded on 
motor-driven dials, the loading cycles by a counter, and the 
time by a stopwatch. 
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Fig. 6. (a) The behaviour of the 
analogue when interrupted for 
different times (p) after a pre- 
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creep of 200s. The p-values are: 
60.420, 3000, 1500, 900, 300 and 


100s 


(b) The behaviour of lead under 
similar conditions taken from 
published work@® 
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THE BEHAVIOUR OF THE MACHINE COMPARED 
WITH THE BEHAVIOUR OF METALS 


(a) Single interruption. The behaviour of the machine 
when subjected to a single interruption is represented by the 
results given in Figs. 6 and 7. There are two general cases. 
In the first, the time of recovery p is varied for a constant 
previous creep time 7: in the second, 7 is varied for a constant 
p-value. It has already been demonstrated for metals“ that 


Time under stress (s) 


general form of these n/(1 — n) against p* curves is, however, { 
very similar. The value of A deduced from the initial slope 
of the curve is 10, while for the middle linear region A falls 7 
to 4. The results in Fig. 6(b) for lead at room temperature } 
give A = 16. 
In Fig. 7 the behaviour for a constant p and variable 7 
are compared. If equation (2) is valid, n~! should be linear 
with 7+: there is excellent agreement in this, and the A-values © 
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Fig. 7. (a) The behaviour of the 
electrical network when the voltage 
is removed for a fixed period (p) of 
300 s at different points on the curve 
(different 7-values). In the inset the 
straight line through the origin (as 
drawn) gives A=12. The best 
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Time under stress (min) 
40 


straight line through the points gives 
; 15 


(b) The behaviour of lead when 


subjected to similar interrupted 
creep tests at 30°C, taken from 
previously published work.“® The 


Lengthm) 


value of p in these experiments is 

53 min. The character of the 

dependence of the quantity n—! is 
strikingly similar in the two cases 


the form of the creep curve on reloading is fairly accurately 
represented by assuming that a fraction m of the material has 
recovered in full its transient creep properties. The remainder 
of the material is assumed to behave as if unloading had not 
occurred. The quantity m thus provides an index of the 
extent of the recovery, taking values between zero and unity. 
Figs. 6 and 7 demonstrate the general similarity of behaviour 
not only of the form of the curves on reloading, but also the 
form of the n—7 and n-p relationships. It has been possible 
to show, for metals, that the quantities n, + and p for an 
isothermal test are related by the expression 


(1 — n)/n = A(z/p)* (2) 


if the continuous stress creep curve is of cubic form. A is 
a constant descriptive of the recovery properties of the 
material: for a number of metals, at temperatures about half 
the melting point absolute, the value of A is approximately 10. 
The quantity n/(1 —n) should therefore be linear with p* 
over the range of p-values for which equation (2) applies. 
In Fig. 6(5) the results of tests on lead“ are shown, and a 
reasonable initial linearity is observed up to a value for p 
of about 10, above which the curve flattens—that is, recovery 
is less than that predicted by the relationship. This has been 
commented upon in the original publication.?® The 
analogue provides the results shown in Fig. 6(a), a region of 
good linearity is exhibited, but there is a curvature near the 
origin, as well as the flattening out at higher p-values. The 


1)3(t in 16s units) 
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deduced from the slopes of the straight lines in the inset - 
graphs are in reasonable agreement with those deduced from 
Fig. 6. The line drawn in Fig. 7(a) gives A = 12, while for 
the metal the slope gives A = 18. 

The analogue network, then, behaves in a very similar way 
to a metal. It must be emphasized that the actual rate of 
recovery (as represented, say, by the A-value) can be varied 
by means of the R’ resistors. A difference between the 
analogue and the metal, as far as the exact A-values are 
concerned, is not important here, although the actual! value 
obtained should be consistent in all the tests. (It must be 
remembered that in principle A can assume any value between 
zero and infinity, so that the numerical agreement is, in fact, 
very reasonable.) It may be added here that any type of 
network which recovers by sharing charge between its sections 
(a network, say, with no rectifiers in at all) would lead to © 
quite the wrong kind of curve on reloading. It is essential 
that all recovery processes should occur solely within the 
individual sections. 

(b) Waveform effect under repeated pulsing. It has been 
shown by work on lead@® and copper“ that if a material 
is subjected to square-wave stress pulses repeatedly then the 
creep strain achieved after some chosen time depends upon 
the waveform of these pulses: that is, it depends on the values 
of 7 and p, in a series of tests where 7 + p = A, the wave- 
length of the cycle. The full analysis, which was in any case 
necessarily approximate for these repeated pulsing problems, | 
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need not be reproduced here. The type of result obtained 
ith metals is demonstrated in Fig. 8(b), which is taken from 
xperiments on copper.“!) In the inset, the creep strain 


achieved at the end of the intermittent creep test is plotted 
against r, the ratio 7/A. (Thus the point r = 1 represents 
the continuous stressing case.) These points lie close to the 
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Fig. 8. The waveform effect 
in (a) the analogue and (6) 
copper. In the insets, the 
creep strain reached at the end 
of the test is plotted (circles) © 
against r, the ratio 7/(7 + p), 
and the continuous curves are 
calculated for the A-values 
shown. In the inset to (a), 
the crosses indicate the results 
after extending the test to 64 
cycles, compared with the 
calculated, dashed, curve for 
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theoretical curve drawn for the case A = 7:6. The curve 
for the case A = oo is also drawn for comparison: this is the 


result which would be obtained if no recovery occurred. 


during the off-stress periods. Fig. 8(a) demonstrates the 
behaviour of the analogue; the points plotted in the inset, 
for eight cycles, lie close to the curve for A = 27. After 
sixty-four such cycles, the points plotted as crosses were 
obtained, and these lie near to the curve (shown dashed) 
noted — 7s 

(c) Frequency effect under repeated pulsing. Previous 
analysis on metals has led to the conclusion that if the 
waveform is kept constant, then the creep achieved, after 
some selected time, is independent of frequency provided a 
sufficient number of cycles is taken, and provided the value 


the next step in this type of analogue. However, considering 
a small region of stress-variation where f and o are reason= 
ably linear in their relation, what sort of qualitative com- 
parison is possible? The results of such tests are shown in 
Fig. 10. Both analogue and metal show the same type of 
behaviour, but in the case of the metal the response is 
altogether more critical with stress. This is to be expected 
from the differences noted in the B-o relations. However, the 
flattening in the inset curves in the region near o = do is; 
reasonably distinctive, and it is easy to see how Fig. 10(a) 
will approach more nearly to Fig. 10(b) as the o-scale is 
compressed. In particular, there is an exact reproduction of: 
the observation that if the stress on a metal is reduced slightly 
(but sufficiently) creep ceases for some incubation period until 
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of p is not so large that it lies in the upper curved region of 
the characteristics drawn in Fig. 6. Again, the analysis will 
not be reproduced here. The results for copper are shown in 
Fig. 9(b), with the calculated and experimental points in the 
inset. Fig. 9(a) shows the behaviour of the analogue, with 
the points lying close to the calculated curve for the case 

= 27. For copper, the curve 4 = 7-6 (the same value 
as that derived from the Fig. 8 results) is in good agreement 
with the observations. 

(d) Change of stress during a creep test.. In metals, the 
variation of the constant 6 in the transient creep equation 
noted above, namely € = Br, is not linear with stress, but 
varies in a sigmoid manner, with a critical stress below 
which 6 is negligible.C? Clearly the present analogue will 
give a response which is linearly related to voltage, that is, 
f is linear with the stress o. It would be possible to devise 
a limiter-type network which would reproduce the form of 
the 6—o relationship, and some such development must be 
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the internal stress relaxes enough and creep recommences.(!2) 
This can be shown up much more distinctively than has been 
done in Fig. 10. : 

(e) Creep recovery and creep under reversed stress. The 
amount of creep recovery in the analogue depends upon two. 
main factors: the value of Rx, (in Fig. 5) and the extent to- 
which the charge entering the network is rendered irreversible | 
by rectifiers. If all the rectifiers of Fig. 5 are in circuit, there 
will be no creep recovery at all. For the purposes of com- 
parison with published data, a fully reversible network has. 
been used, and this may very well correspond with the micro- 
creep conditions under comparison. Fig. 11 shows creep 
and creep recovery in cadmium,@) where the maximum 
strain reached is only 0:02%, compared with the analogue 
behaviour. In the analogue results, the instantaneous | 
extension and instantaneous recovery have been added 
arbitrarily merely to aid comparison. A number of experi-. 
ments have been made with the analogue on the dependence 
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of this creep recovery behaviour upon the test conditions, 
| such as pre-creep time. These results cannot be detailed 
| here, but they fit in with Henderson’s treatment of the 
| problem, from whose publication®” the cadmium results are 
| taken. 

| Creep under reversed stressing has received little physical 
attention, partly because of experimental difficulty in cases 
| other than those of shear stressing. Again, 


‘an electrical analogue of creep and recovery 


Qualitatively the curves are in excellent agreement, but the 
middle linear region provides too high a recovery rate (A ~ 4). 
This may be a genuine analogy with solid behaviour which 
requires further investigation, or it may arise (for instance) 
from the failure of the analogue to reproduce instantaneous 
extensions with consequent errors in the derivation of 7. 
This type of network also necessarily gives rise to a per- 


| the behaviour of the analogue depends upon T Ml 
the extent to which rectification is introduced 
| into,the network. Some results for varying 2 a Dict rie 
degrees of reversibility are reproduced in 5 | a 
Fig. 12(a), and they may be compared with 5 
published curves for lead and cadmium.@2) = 
it should be noted that the analogue in these + 
cases had no added permanent flow com- “| i 
ponent. Such a component, on the ana- iS 
logue model, would appear equally in the ~ 
reversed creep, and would lead to a much | ] | | | | 
more linear creep behaviour, more like that lOO 200 300 > lO ID 20 
exhibited by the curve D. Another differ- (a) Time (3) (b) Time (min) 
ence between Figs. 12(a) and (b) is that in Fig. 11. Creep recovery exhibited by (a) the analogue and (6) cadmium.@)) 


Fig. 12(6) the stress is reversed until zero 

strain is achieved, when it is reversed again, 

whereas in Fig. 12(a) the stress is reversed in regular cycles. 
With some degree of reversibility, intermediate between that 
of curves A and B, it is easy to see how a curve similar to 
type C could arise. As this reversed stressing type of experi- 
ment is a special case of the general class of changed stress 


The maximum strain in (4) is less than 2 x 1074 


manent creep component. It is significant that even where 
apparently perfect simple cubic creep curves are exhibited (as 
in 0:05 °% tellurium lead at room temperature), the creep rate 
does not fall off continuously. A permanent component of 
some form can always be detected if the experiment is extended 
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ANALOGUE Fig. 12, Creep under stress reversals in (a). 
we the analogue and (5) metals.@?) In (a), 
28a os Curve B is for the completely reversible 
= ; network, and Curve A for the partially 
= reversible network. In (5), Curve C shows 
= é aE aS the behaviour of cadmium under shear, 
35 and Curve D the behaviour of lead under 
< similar conditions: in both cases there is 
© no strain reversal, the stress being restored 
DP to a forward direction when the net strain 
Z : f [ reaches zero. This is in contrast with (a), 
200 400 600 200 400 600 800. where the stress is reversed in regular cycles 
(a) Time (s) (b) Time (min) 
experiments, it appears pointless to develop these arguments sufficiently. The temperature dependence of these two 


until the B-against-o behaviour of the analogue is developed 
to be comparable with that of metals. This point has already 
been noted under item (d) above. 


THE LIMITATIONS AND POSSIBLE 
DEVELOPMENTS OF THE MACHINE 


The analogue has been shown to reproduce a number of 
features of transient creep and recovery in solids. It has 
been suggested previously that the creep behaviour of metals 
under discontinuous stress conditions may be expressed in 
terms of a particular index (the constant A), and this is 
largely substantiated by the analogue. The values of A 
obtained for the same network, from different experiments, 
were: 10, 12, 27, 27 and 17. Considering that A may in 
principle have any value from zero to infinity, and remember- 
ing that certain approximations are involved, this is a good 
consistency. For lead at room temperature, A ~ 16, and for 
copper at 260° C A ~ 8, so that the order of this constant 1s 
certainly correct. The greatest anomaly lies in the behaviour 
reproduced in Fig. 6(a), in contrast with that of Fig. 6(d). 
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components constitutes an important clue to any further 
developments in machines of this type. The present system, 
then, could compute fairly successfully the constant tempera- 
ture creep behaviour of a metal over some complex history 
of stress and recovery (the recovery being under zero stress). 
All that is required is the constant 4 for the metal and the 
power of time in the transient creep equation. The form of 
the creep curve is set by varying R and R;, and A is set by 
varying C’ and R’. The best way of setting up such problems 
still requires further research. The machine cannot at present | 
take account of (a) the effect of recovery on tertiary creep— 
this is probably insignificant, just as it is with permanent 
creep, or (b) temperature changes or (c) generalized stress 
changes. What has been developed, however, is an essential 
basis for any such machine, and it probably embodies the 
most difficult analogue problems. The solution of the 
problem of generalized stress changes appears reasonably 
possible at this stage; the question of temperature changes is 
certainly much more difficult. Some preliminary experiments 
suggest that temperature change might be considered as 
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altering the ratio between the two capacitances C (recoverable) 
and C’ (irrecoverable) together with a uniform change in all 
the resistors. This is purely conjectural. The general 
deduction to be drawn from these results is that a compre- 
hensive computer, capable of calculating the creep response 
of solids under complex discontinuous conditions is within 
the range of possibility. The present pilot system has used 
fairly long time constants of the order of hundreds of seconds, 
with corresponding recording and switching devices. Once 
the validity of the method is established for more general 
conditions, there is no reason why the speed of operation 
should not be increased by a factor of a thousand or more 
using wholly electronic control. Creep over a period of 
years, which can already be reduced to a scale of hours, may 
then be reproduced in a few seconds. The full machine will 
be complex and fairly expensive, but may in the long run 
be more economical than the execution of prolonged creep 
tests, under a variety of complex user conditions. In any 
case, such a machine would be no more complex than other 
analogues, such as power-line computers,?3) now in com- 
mercial use. Short term tests will, of course, always be 
necessary in order to derive the data for setting up the 
metal on the machine. It is certain that this setting up will 
be impossible in any other way, although with increased 
knowledge the amount of preliminary testing required may 
be made quite small. 


CONCLUSIONS 


The creep and recovery behaviour of solids can be 
adequately reproduced by relaxation-type networks, contain- 
ing rectifiers, connected as a transmission line. As far as the 
empirical measurements are concerned, these processes can 
arise from elements which have basically exponential charac- 
teristics, and it is unnecessary to invoke special models to 
simulate the observations. The analogue is quantitatively 
accurate enough to enable computations of creep under dis- 
continuous stress to be made, and could in principle be 
developed to handle more general stress and temperature con- 
ditions, and to operate more accurately at much higher speeds. 
This development would, however, be complex and expensive. 

The use of long-term data in making analogue comparisons 
would have improved the force of the arguments developed 
above, but unfortunately the type of data required (waveform 
and frequency effects) is not available. Very little work has 
been done over long times, although what does exist confirms 
the main features of the behaviour. It is hoped that such 
data will be forthcoming eventually, and it will be of the 
utmost importance to see if it fits in with the present work. 
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‘The field due to an infinite dielectric cylinder between two parallel 


conducting planes 
By C. Mack, M.A., The British Cotton Industry Research Association, Shirley Institute, Manchester 
[Paper received 31 May, 1954] 


This paper shows that, whatever the distance of the cylinder from the planes, this field can be 
calculated by first solving an infinite set of linear equations with comparatively simple coefficients. 
By neglecting all except the first few unknowns, a good approximation to the correct solution 
is obtained. The simplest approximation is sufficient for most practical purposes, and it is 
shown that the increase in capacity between the planes due to the presence of the cylinder is 
nearly proportional to the cylinder radius squared times a simple function of its dielectric 
constant, provided that this radius is small compared with the distance between the planes. 


il 


The change in capacity resulting from the insertion of a 
cylindrical thread of textile material between the plates of a 


INTRODUCTION 


5 condenser is already used to measure departure from uni- 
- formity in the thread“) and such methods may be applicable 
| in wider fields. 


It is the purpose of this paper to solve the theoretical 
problem which enables such changes in capacity to be 


| evaluated. The problem is idealized to that given in the title 
_ which is a reasonable approximation to the cases which are 


likely to arise in practice. No account is taken here of the 
‘fact that the plates of a condenser are not infinite and that 
there may be variations in diameter of that portion of the 
material between the plates at any one time. Another source 
of error may arise when applying results of a putely electro- 
static theory to changes in capacity which, owing to their 
small magnitude, are measured by high fiequency techniques 
(e.g. at 500 kc/s). 

Bearing these limitations in mind, it can be seen from the 
results of this paper that, if the cylinder radius 5 is suffi- 
ciently small compared with other dimensions of the con- 
denser, the change in capacity can be made proportional 
to (K — 1)b?/(K + 1) where K is the cylinder dielectric con- 


stant; and hence, if, say, K is constant, changes in b* can be 
/ measured quantitatively. (The case of a conducting cylinder 


is dealt with by making K = oo.) . 
Besides this special case, the general method described 


| here enables the field to be calculated at any point between 


the planes whatever the position, radius and dielectric con- 
stant of the cylinder. Previously the author has dealt with 
the particular case when the cylinder is midway between the 
planes,(23) but by combining results from the theory of 
meromorphic functions (Titchmarsh, p. 110) with the 
method of circular harmonics (Smythe,‘) p. 62) the slowly- 
convergent series arising from a direct application of the 
author’s previous method, can be summed. Thus an infinite 
set of linear equations for the coefficients of the circular 
harmonics is simply obtained. If 5 is small we can solve 
these approximately and thus obtain the formulae of Section 2. 
For a more accurate solution we neglect all harmonic co- 
efficients above, say, the Nth and solve the resulting N 
simultaneous linear equations. Numerical tests show that 
as N increases the method appears always to converge. This 
method is described in detail in Section 3. 

The mathematical proofs of all the formulae, etc., used are 
collected together in Section 4, thus enabling the important 
results to be given without their becoming involved with the 
detailed mathematical reasoning. 


Zz 


Fig. 1 shows a cross-section of the cylinder and the planes. 
Py is the centre of the cylinder and is at a distance T from the 
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APPROXIMATE FORMULA 


oy) 


plane LM, the two planes being a distance D apart. We 
assume that, before the cylinder is inserted there is a field of 
strength E between the planes, which are therefore at a 
potential difference ED, and we further assume that this 
potential difference is kept constant when the cylinder is 
inserted, thus causing the induced charge on the planes to 
increase. 


H L 
sy RE 
a er 
o> Py l Pa 
— 27 ——D-T—+-D-T —-T-+-T 2(D-T) —- 


Fig. 1. 


We shall write (K — 1)/(K + 1)=k and z=ro exp (i8) 
where ro and 09 are polar co-ordinates measured from Pp 
as shown in Fig. 1. Now the potential between the planes 
before the insertion of the cylinder is 


#(Ez) (1) 
where & means “real part of”. After the insertion and 
provided b is small compared with Tand D — T, the potential 
becomes, to a good approximation [see Section 4, Part (i)] 


AN Es + 7A cot Gs) - cot ee SS i (2) 
where 
A, = — KEb?/{1 — k[7b/(2D)}* [cosec? (mT/D) + 3] + 0(bs)+ 


The charge on the planes due to the field (2) is of considerable 
interest. Now, as shown by Smythe®) (p. 73), the charge on, 
say, LM, is 1/(47) times the change in the imaginary part of 
the expression in square brackets in (2) in going from Lto M. 
(The change in the imaginary part of Ez gives the charge on 
LM due to the original field, the change in the remainder of (2) 
gives the charge induced by the insertion of the cylinder.) 


C. Mack 


The following result will facilitate calculation of this induced 
charge: 


cot (X +iY)=(sin 2X —isinh 2Y)/(cosh2¥Y —cos2X) (3) 


Dividing the induced extra charge by ED (the potential 
difference between the planes) gives the resulting increase in 
capacity. It is to be noted, however, that, if the cylinder is 
not midway between the planes, corresponding lengths of 
the planes will have different induced charges. This difference 
is small, however, if these lengths are of the order of D and 
project appreciably on either side of the cylinder and the 
mean induced charge may safely be used in calculating 
capacity. These conditions will also ensure that these charges 
are not affected to the first order of approximation by small 
changes in T. 

Hence, provided k[7b/(2D)|?[cosec?(7/D) + 4] is small 
compared with unity, 4, is proportional to kb? and since the 
induced charge is proportional to A, the change in capacity 
will then be proportional to kb?.. This fact enables changes in 
b? to be detected and to be measured quantitatively. 

To complete this section we give a good approximate 
formula for the case in which b is comparable with T. 
Formula (2) still holds but with A,, this time [see Section 4, 
Part (ii)] given by 


A, = —kEb?B/[1 — 2?kb?B/(6D?) + 0(62T?/D4)] (5) 
where B =1 + kb2/(2T)? + k2b4/[QT)?— BP +... © 


The general term of equation (6) is given in Section 4, 
Part (ii). It may appear at first sight that A, departs signi- 
ficantly from proportionality to b?. If, however, b = T (as 
would be the case were the cylinder to touch the plane LM 

_ In Fig. 1), then 


B=1+k/2? + k/3)2 +... 1) 


In this case 8 is independent of b and, provided b/D is small 
enough, A, is proportional to kb?. Since the coefficient of b* 
in the denominator of equation (5) is somewhat smaller than 
the corresponding coefficient in expression (2), since B ERED) 
and cosec (77/D) > 1, this position of the cylinder may be 
considered slightly more favourable than the midway position 
(T = D/2), as A, is then more nearly proportional to kb?. 


3. THE GENERAL SOLUTION 


It is proved in Section 4, Part (i) that, writing 7z/(2D) = Z 
and 77/D = Zp, the potential V) outside the cylinder is of 
the form 
Vo = ALEz + (477/D)A, [cot Z + cot (Z — Z)] 

+ (7/D)?A3[cot, Z — cot, (Z — Zo)] 
+ 7/D)°A3[cot, (Z) + cot, (Z — Zo)] 
+ (47/D)4A,[oot, Z — cot;(Z — Z)] + ...} (8) 


The values of the A; may be pales from the infinite y 
set of simultaneous equations 


A, (kb?) + E = A\(Cy + Uz) + 2A,C; + 3Ax(C, + Uy) 
+4A,C, +. 
DApl(kb§) = =1,2°A LC + 2.3 Ax(C, — U4) 
+ 3.443,C, + 4.5 As(Ce — Us) +. 
31A43/(kb®) = 1.2.3 A\(C, +'U4) + 2.3 A2Cs 

+ 3.4.5A,(Cg + Ug) + . 
4! Ag(kB8) = 1.2.3.4. ACs + 2.3.4.5. An(Cg — Ue) + - 


= [2/(2D)¢] [Eline] oe 


where U, [477/D]4 cot,_\(77/D) (9) 


Tables of 1/r9 are available), while the following recultay : 
enable C, to be found easily: . 
Writine S=— sin"Z 5G = cos-Z 


cot, = 1/S*; cots = ChS?, cots =1/S4 = 2/GS"), 


cot, = C[1/S5 — 1/5], 

cot; = 1/56 — 1/84 + 2/(15S%), 

cot, = C[1/S7 — 2/89) + 2/(4583)], | 
cot, = 1/58 — 4/(35) + 2/(5S4) — 4/G15S2) (10) 


The charge on a length of the plane is again (Smythe,© 
p. 73) 1/(47) times the change in the imaginary part of 
equation (8). In calculating this change the following 
results will be found to be useful: 


cot, (X¥ + iY) = 2[1 — cos 2X cosh 2Y¥ 
— isin 2X sinh 2 Y]/(cosh 2Y — cos 2X)’, 
(cosh 2¥ — cos 2X)? cot, (X + iY) 
= (sin 2X)[3 — 2 cos 2X cosh 2¥ — cosh 4Y] 


+ i(sinh 2 Y)[2 cos 2X cosh 2Y + cos 4X — 3] (11) 


If we solve for the A; by expansions in powers of b we obtain 
A, = — kb’E/[1 — kb*(C, + U>) — 2k*b8CZ +...], 


= kb4+A,C;/[1,— 3kb4(C, — U,) + ...], ete. (12) 
Neglecting terms of the order b® we obtain the first approxi- | 
mation (2), Az, A3, etc., being negligible. Si 
Alternatively we may neglect A; for i > N and thus reduce 
expression (9) to a finite set of linear equations. This method 
has been tested numerically to see if it converged as N 
increased. As the following table (in which the cases are all 
stringent) shows, convergence is marked, except perhaps in 
the last case, but this is approaching the limiting case b/T = 1, 
T/D =0:5 and K =o when there is no solution as it 


where cot, (Z) = [(—1)"/(m!)]d™ cot Z/dZ™. corresponds to a conducting cylinder touching both planes. © 
Table of approximations to —A,/(Eb?) 
BE TD K Neal: 2 N222 | NSS= ENE PS beeen ee 
1 —0 oO L333 1-405 1-456 1-487 1-465 1-645 
1 +0 4 0-706 0-717 0-722 — O-719 0-728 
1 0-25 oe 1-562 1-656 1-710 1-743 1-674 — 
1 0:5 7/3 0-298 0-303 0-304 — 0-302 — 
1 0:5 9 1-169 1-356 1-419 — 1-304 — 
60 
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The field due to an infinite dielectric cylinder between two parallel conducting planes 


4. MATHEMATICAL PROOFS 


@ Proof of the general method. 


We assume that, arising at each of the P, (the image points 


i of P, obtained by repeated reflexion in the ‘planes LM, HJ, as 
shown in Fig. 1), is a potential of the form 


__ A, cos 6, , A208 26, : A, cos 36, 4, Ag c0s 46, | 
re i & ts a ie 


(13) 


| where r,, 9, are polar co-ordinates measured from P,. The 
A, are independent of n and when zn is odd the alternate signs 


in expression (13) are negative, but all are positive when n is 
even. Now on LM, vo and % cancel since ry =1r,, but 


095 = 7 — 6. Similarly v_, and v, v_, and 1, etc., cancel 
ion LM; while on HJ, vo and v_,, v, and v_», etc., “cancel. 
Wow 2)- = 29:21, 2 = 2 + 2D. — 27, zy = zy — 2D, 
Z_9 = 2% + 2D, ete. So, since (cos mO,)/r” = AA /z™), and 
ee) | A A, A 
ee eee | : 
yee | Zo Be nae Vii Pak 
ee a A, 
Uy tea ol & Enea Zo + 2D — 2T 
A, 
(29 + 2D — 2T)/ 
A, | A, 
Ae 2 ~ } Fo F 29 } Fz Tae ye 
= F, (say) (14) 
Now since 


Gr(z + Gy" =1 — mz/G + mm + 1)z?/(2!G*) — 


provided |z| < G, (and hence in our case, if |zo| < 27 -we 
: can use this formula) we find that. 


= 


EOE 12 ACh 


Sa 12 A (Co! U,) ee etee 15) 


| where the right hand sides are identical in form with those of 
| expression (9), though as far as we have gone at the moment 
_ all we know is that 


| U, = 2/(2D)9 + 2/(4D)2 + 26D) + ..., 


C, = 1/(2T)4 + 1/2T — 2D)4 + 1/@T + 2D) 
L1/Q2T—4D)4 + 1/2T+4D)7+1/2T—6D)7+... 


The formula given for U, in expression (9) may be deduced 


immediately. Now Titchmarsh@) (p. 113) shows that 
lim = COZ, 
N-> © Zz Sh 


hence, differentiating m times with respect to Z 


eo 1 RASA) d™ COtZ 
poe (Z —nyrrt dzm 
and the formula for C, in expression (9) can now be deduced. 


The potential! V, external to the cylinder is simply 


ot, (Z) 


m! 


V, = Ero cos 6) + F (16) 
and suppose the internal potential V> given by a series 
Vo = Bo + Biro COS 09 + Borg cos 209 + (17) 


- No negative powers of ro appear since Vo is finite when ro = 0. 
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We now consider conditions on the boundary of the cylinder 
(ro = 5). These boundary conditions (Smythe,“) p. 65) are 


Substituting from equations (14), (16) and (17) and equating 
coefficients of r7” cos m@ we find that 

CKD) bee Rie ol 2 ee 

(K = 1)B, == 2 A,,/b?. 


Substitution for the F; in equation (15) completes the proof 
of expression (9). Again, the functions cot,,(Z) sum the 
series appearing in equation (14) very nicely, and thus prove 
equation (8). 


(ii) Case when the cylinder is close to a plane. 


We shall assume that 5 is of the order of T and both are 
small compared with D. If the cylinder were in the field E 
alone a two dimensional dipole of strength «4 would be 
induced at Py where 

pe = 4kEb? 


and this would give the correct field external to the cylinder. 
The presence of the plane LM means that an image dipole pw 
will appear at P, (see Fig. 2) to ensure that the potential on 


Fig 2; 


LM is unaltered. To restore conditions on the cylinder 
boundary a dipole jx, at Po is required where 


where py = kb2/(2T)? and PoP, = b2/(2T) 


This may be deduced from the results given by Smythe) 
(p. 68). Now, to restore the potential on LM an image 
dipole 4, at P; is required, and, hence a further dipole pz 
at P) where 


jin = kpyb?/(2T = b2/QT) |? 
Hence we get a series of dipoles yx,, with their images, where 
by == knb2m/(w,,)? and 
w= {T+ (72 — byt —[T—(7?2 8) J+ 1h (27? — 4] 
If we allow for the fact that the field E should be modified 
to include the effect of images in the other plane HJ we arrive © 
at the result (5). The fact that the dipoles are not all centred 


on Pp or P, will not seriously affect our result as it is assumed 
that 6 is much smaller than 7, D or the length LM, HV. 


PoP = PT — B27) 


C. Mack 
(6) Date, J.B. Five-Figure Tables of Mathematical Functions, — 
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Growth of the barium orthosilicate interface of oxide-coated cathodes | 
By M. G. Harwoop, B.Sc., A.Inst.P., and NorA Fry, B.Sc. 
[Paper received 30 June, 1954] 


The core-coating interface of oxide cathodes with nickel alloy cores containing 0-048 and 
In addition to barium orthosilicate a layer of nearly pure 
strontium oxide was found. The growth of the barium orthosilicate layer with time of heating 
the cathodes was examined. In the case of the first alloy, growth continued until all the available 
silicon was used, but this was not so for the alloy of higher silicon content, where other factors, 
possibly diffusion of silicon through barium orthosilicate, appeared to limit the growth. 


0:17% silicon has been examined. 


The existence of a grey layer between the silicon-nickel alloy 
core (2 or 5% silicon) and the alkaline earth oxide coating of 
oxide cathodes was demonstrated by Fineman and Eisen- 
stein,“ and the layer was identified as barium orthosilicate 
by Rooksby®) working with an 0:°4% silicon-nickel alloy 
core. These alloys have a higher silicon content than those 
normally used for commercial cathodes, but since Rooksby’s 
identification, the presence of barium orthosilicate at the» 
core-coating interface of cathodes with nickel cores con- 
taining 0:05 % silicon has been reported by Wright,®) quoting 
unpublished work by Rooksby, and on cathodes with 0:1% 
silicon-nickel cores by Waymouth,“ and by Eisenstein.©) 
When barium oxide is a constituent of the alkaline earth 
oxide coating only barium orthosilicate has been reported as 
the interface compound, but Eisenstein,©) working with a pure 
strontium oxide coating, has found strontium orthosilicate. 

It is now widely assumed, and has been amply confirmed 
in this Laboratory, that the barium orthosilicate interface 
appears on most commercial cathodes unless special silicon- 
free core materials are used. Little, however, is known 
regarding its growth during the life of the cathode. 
‘Eisenstein®~”) found that with a 5 or 4% silicon-nickel alloy 
the interface thickness grew to 2 x 10~3cm in 100h at 
1125 or 1150° K, whereas with an 0-1% silicon-nickel core, 
it was approximately 10~4cm after 5000 h at normal tem- 
perature. For 00-10% magnesium, 0:05%  silicon—nickel 
Wright®) has quoted the thickness of an interface including 
barium orthosilicate and magnesium oxide as 10-4 cm, and 
for 0:4% silicon—nickel the interface thickness as 10~3 cm, 
but the heating period and conditions were not specified. 

In this paper results are presented on the growth of the 
barium orthosilicate interface with cathode life on two cathode 
nickel core materials cf different silicon content, similar to 
two commercial cathode nickel alloys. 


PREPARATION AND OPERATION OF TEST VALVES 


The two nickel core materials used in this investigation 
gave the following analyses: 


Alloying constituent (weight) % 


Type Co Fe Si Mg Mn Al Cu Zn 
I 0-21 0-083 0-048 0:22 0-053 0-008 0-014 0-005 
II 0-64 0:098 0:17 0-011 0-013 0-009 0-005 0-005 
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p. 92 (London: Edward Arnold and Co., 1943). 


(7) Davis, H. T. Tables of Higher Mathematical Functions, 
Vol. Il, p. 243 (Indiana, U.S.A.: Principia Press, 
1935). 


(8) BromwicH, T. J. PA. 


Infinite Series, 2nd edition, pp. 297, 298 (London: » 


Macmillan and Co. Ltd., 1942). 


Ph.D., Philips Electrical Ltd., Mitcham Junction, Surrey — 


The materials were received in the shape of cathodes 
1-1mm diameter, and coated with barium strontium car- 
bonate (approximate molecular composition 50 barium: 
50 strontium) to a length of 2cm. The coated cathodes 
were mounted in diodes which were continuously pumped 
to a pressure of approximately 10~4mm of mercury. After 
baking for 1 h at 380° C, the cathode coating was decomposed. | 
at a brightness temperature of 1080° C for 1 min, and after | 
degassing the nickel anode and guard rings, firing the barium 
getter, and sealing the valve, the cathodes were activated at 
950° C for 30 min and further at 845°C for 30min. An 
emission current of approximately 15 mA/cm? was drawn — 
during activation. Temperatures were measured with an © 
optical pyrometer focused near the centre of the cathode. : 

Of the valves thus prepared a small number were imme- 
diately opened and the interface layer examined. The others 
were operated for varying periods at normal filament voltages 
(6:3 V) corresponding to a brightness temperature of 765° C, 
drawing anode current of approximately 15 mA/cm2. 


MEASUREMENT OF INTERFACE THICKNESS 


Before measuring the interface thickness, the barium 
strontium oxide coating was dissolved away in dry ethyl 
alcohol. This method is slow, but the barium orthosilicate — 
is not attacked. Only a thin oxide film remained attached 
to the coating after the treatment and was examined with the 


- orthosilicate layer. 


Comparative thickness measurements were made by the 
following X-ray diffraction technique. The specimen was 
mounted in a Debye-Scherrer camera and irradiated with 
Ke radiation from a copper target filtered through 19 pe nickel. 
The diffraction patterns given by the barium orthosilicate, 
the thin superposed carbonate film (formed by exposure of 
the oxide to air), and the nickel core were recorded, generally 
photographically on Ilford Industrial G film and in a few. 
cases with a Geiger—Miiller counter. The intensities of the 
(112) plane of the barium orthosilicate, giving the strongest 
reflexions, and of the (111) plane of nickel were compared; — 
these are only a small Bragg angle apart. On account of — 
the very low intensities of the barium orthosilicate lines, it 
was necessary to use para-focusing conditions.) The 
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| this incidentally cold-worked the nickel sufficiently to render 
continuous the reflexions which were otherwise spotty. The 
| flat sample was oscillated in the centre of the camera so that 
‘the angle subtended between the face and the beam varied 
between 9° and 19°. On account of the high intensity 


| orthosilicate and (111) nickel planes (ratios as low as | : 2000 
| occurred), the latter were selectively filtered so that an 
|intensity ratio near unity was obtained. The exposure was 
H controlled to give a density of about unity, thus employing 
\ l) the most sensitive part of the characteristic curve of the film. 
Density comparisons were made by eye. The results obtained 
i by this method did not differ by more than 10° from those 
) obtained with a Geiger—Miiller counter. 

| To calibrate the intensity ratios thus obtained in terms 
of mass of barium orthosilicate per unit area, bare nickel 
» strips were weighed on a chemical micro-balance, coated 
‘ with artificially prepared barium orthosilicate, reweighed, 
; and the X-ray diffraction patterns recorded. 

| The barium orthosilicate was prepared by mixing barium 


; carbonate and silica in the ratio 2 : 1, pressing the mixture 
into a pellet, and firing this in a continuously pumped vacuum 
; System until the pressure fell to 10~4mm of mercury. After 
this treatment no unreacted components could be detected 
‘by X-ray diffraction. 
To calculate the layer thickness from the mass of barium 
 orthosilicate per unit area, a visual estimation of the packing 
density had to be made. The X-ray density of barium 
orthosilicate, according to O’Daniel and Tscheischwili™ is 
5-42 g/icm3. Since the layer appeared densely packed, a 
value of 5 was assumed for its density. The results reported 
later are given both as mass per unit area and as layer thick- 
- ness of barium orthosilicate. Optical microscopic methods of 
arriving at the thickness directly were considered but dis- 
| carded, since they would only have been applicable to the 
thicker coatings and the labour involved in averaging over a 
reasonable area was considered too large. 
The reproducibility of individual thickness results was 
_ +0°1 yw, but since a number of readings were taken on each 
| cathode, the error in the mean result should be considerably 
| less than this. All measurements were made in a region not 
_more than 0-5 cm from the centre of the cathode where tem- 
| perature variations during heating did not exceed 10° C and 
no variation in thickness from place to place was found. 


EXPERIMENTAL RESULTS 


The only interface compound, containing constituents of 
| the core, observed on any of the cathodes examined was 
| barium orthosilicate. In addition to the barium orthosilicate, 
| however, a layer of barium strontium carbonate was some- 
times observed containing a considerably smaller proportion 
of barium than the bulk of the coating. It was not possible 
to determine the relative positions of the barium orthosilicate 
and strontium-rich layers with certainty, i.e. whether they 
were intermixed or parallel, but there is evidence which 
points to the fact that the carbonate layer was superposed 
on the orthosilicate. 

The growth of the barium orthosilicate interface thickness 
with time of heating the cathodes is shown in the figure. 
Each point is an average of between two and five results at 
| the same period; in particular, the points at 2000 hours are 
averages of three values.in close agreement. With Type 1 
- nickel no interface was observed immediately after activating 
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differences between the reflexions from the (112) barium - 


Growth of the barium orthosilicate interface of oxide-coated cathodes 


| cathodes were therefore flattened to provide a smooth surface ; 


the cathode, but with Type 2 nickel which contained more 
than three times as much silicon, a thin layer of barium 
orthosilicate could be detected even at this early stage. The 
maximum layer thickness to be expected on the basis of the 
silicon content, weight and dimensions of the core was 0-5 uw 
for Type 1 and 1:7 w for Type 2. This thickness is reached 
with Type 1 nickel after about 1000h when no further 


Thickness of barium orthosilicate (w) 


Weight of borium orthosilicate (4g /mm?) 


al 
K@X@xe) SOO 2000 


| 
200 
Time of heating cathodes at 765°C Chours) 


Variation of thickness of barium orthosilicate interface 
with time of heating at 765° C 


(Accuracy of measurement indicated by length of lines.) 


growth occurs (the value 0:55 yx for 2000 h is within experi- 
mental error of the theoretical value 0:5 w). With Type 2 
nickel, the interface has reached only about one-half its 
maximum possible thickness after 2000 h, but the rate of 
growth at this stage is low, and one may assume that the 
maximum possible interface thickness would not normally be 
reached within the useful life of the cathode. 

A subsidiary experiment to determine the variation with 
temperature of the extent of interface formation showed that 
with Type 2 nickel core cathodes heated for 330 h to bright- 
ness temperatures of 830, 775 or 720° C the barium ortho- 
silicate thicknesses were in the ratio of 2:5:1:1:0°6. 
Although temperature variations along that part of the 
cathode where thickness measurements were made did not 
exceed 10° on one cathode, the high sensitivity to temperature 
may in part explain the comparatively large scatter of the 
results. 


DISCUSSION AND CONCLUSIONS 


The results reported above deal with the chemical nature 
and thickness of the interface formed between two types of 
nickel alloy core and the barium strontium oxide coating of 
oxide cathodes. No attempt has been made to relate these 
results to the electrical characteristics of the interface. Though 
the electrical properties are the result of chemical composition, 
the relation is complicated by the fact that we are dealing 
with semiconductors whose electrical properties are largely 
determined by the deviations from stoichiometric composi- 
tion and by impurities incorporated in them. Thus Eisen- 
stein) has found widely differing electrical properties with 
barium orihosilicate interfaces of similar thickness, and the 
experience in this Laboratory has been similar. 

The presence of strontium-rich oxide next to the interface 
does not appear to have been reported previously. This must 
be taken into account when considering the physical properties 
of the interface; for the electrical properties, in particular, of 
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strontium oxide can differ appreciably from those of approxi- 
mately equimolar barium strontium oxide. 

The order of magnitude of the interface thickness obtained 
is in agreement with Eisenstein’s results. For accurate 
comparison of the results of different authors it would be 
necessary to know not only the percentage of silicon in the 
nickel, but also the mass of silicon available per unit area of 
core surface, since at least in some cases it appears that 
growth proceeds until all the silicon is used. The general 
shape of the curve with Type 2 nickel is compatible with 
limitation of growth by diffusion of silicon in barium ortho- 
silicate, but other explanations cannot be excluded on the 
basis of these experiments alone. When the barium ortho- 
silicate interface has reached its maximum thickness, silicon 
is no longer available for activating the alkaline earth oxide 
coating. Other reducing elements in the core metal may still 
be available for this purpose; and if they cannot directly 
reach the alkaline earth oxide coating they may produce 
free barium in the interface which, in turn, may diffuse or 
distil into the coating and activate it. 
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Phase and amplitude balance methods for permittivity measurements 
between 4 and 50 cm 


By T. J. BUCHANAN, M.A., Ph.D., A.Inst.P., and E. H. GRANT, B.Sc., Department of Physics Applied to Medicine, The 
Middlesex Hospital Medical School, London, W.1 


[Paper first received 2 September, and in final form 12 October, 1954] 


Coaxial-line equipment has been constructed to measure a wide range of permittivities of liquids 
in the wavelength range 4 to 50cm. Several alternative ways of using the apparatus are given, 
and two types of liquid cell are described. The apparatus has been used mainly for medium-loss 


but also for high-loss liquids. 


For very low-loss liquids the accuracy is low and cavity methods 


are essential. 


1. GENERAL DESCRIPTION OF APPARATUS 


AND METHODS 


The apparatus is arranged in bridge form (Fig. 1), one arm 
containing the cell, the phase changer, mixer | and valve V;, 
the other arm containing the cut-off attenuator, mixer 2 and 
valve V>. The valves V, and V, feed into a common anode 
joad. This arrangement greatly reduces interaction between 
the arms of the bridge. The phase changer controls the phase 
of the vector at the grid of V, without altering its amplitude; 


output 


attenuator 


local oscillator signal 


input input 
Schematic diagram of apparatus 


Bisse 
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the cut-off attenuator controls the amplitude at the grid of — 


V, without affecting the phase. These two vectors can 


thereby be adjusted to cancel in the common anode load of — 


V, and V,._ The vector derived from the cut-off attenuator 
can be regarded as a reference vector of fixed phase and 
variable amplitude. The vector from the liquid cell can then 
be balanced against this reference vector and, if this is done 
for two positions of the probe in the liquid cell, the ratio of 
the vectors at these two probe positions can be found from 
the increments in the readings of the phase changer and cut-off 
attenuator. 

The first cell (Fig. 2) consists of a short-circuited length of 
coaxial line with a movable tubular inner conductor. The 


* 


output cable passes down inside the tubular inner conductor | 


and terminates in a thin probe which projects into the cell 
through a small hole in the inner conductor. When the 
inner conductor is moved it carries the probe with it and the 
prote thus samples the vector at various points along the cell 
axis. If a null balance has been found at two positions of 
the probe in the manner described above, then the vector 


ratio corresponding to these positions can be found. From ~ 


this vector ratio and a knowledge of the distances of the probe 
from the short circuit it is, in particular cases, possible to 
derive the propagation coefficient of the liquid. The probe 
position is accurately measured by a micrometer. The cell 
temperature is thermostatically controlled. The diameter of 
the inner conductor is about 0-36cm and the interna! 


diameter of the outer conductor is about 1-60cm. The © 


length of the column of liquid is about 14 cm. 
For measurements on high-loss liquids a second cell of 
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| different design was constructed (Fig. 3) and was used in 
connexion with the travelling-wave method to be described 
later. In this cell the liquid column is contained between two 
interfaces; a fixed one at the bottom of the cell and a movable 
one, formed by the lower end of a sliding coaxial line, the 


power out 


-—-water out 


telescope 
tubing \ 


Distrene 


| =—water in 


power oi 
Fig. 2. Cell for low- and medium-loss liquids 


a) 


- 
to driving it tuning plunger 
mechanism 
probe 
+power out 
= a 
—=> water out 


power in 
Fig. 3. Cell for high-loss liquids 


position of which can be varied by the drive mechanism at 
the top of the cell. This sliding coaxial line fits closely inside 
the main fixed coaxial line and serves the dual purpose of 
varying the depth of the liquid column and collecting the 
energy which has traversed this liquid column. The diameter 
of the fixed inner conductor is about 0-5 cm and the internal 
diameter of the fixed outer conductor is approximately 
2-5cm. The depth of the liquid column can be varied from 
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zero to about 20cm. When the column is long enough for 
any residual reflexion to be neglected the phase and amplitude 
of the output from the cell is controlled by the length of the 
liquid column and the propagation coefficient is readily 
determined. 

The cut-off attenuator for the longer wavelengths is made 
from 1 x 0-5 in. precision rectangular waveguide and for the 
lower wavelengths an attenuator of similar design with a 
cross-section 1-12 x 0:5cm is used. The coaxial line phase 
changer is made from thin telescopic tubing and is fitted at 
each end with tapered resistive’ attenuators. The receiver 
output should remain constant when the phase changer is 
altered while the other arm of the bridge is disconnected; 
this indicates that the phase change is unaccompanied by 
amplitude change. By careful tuning of the mixer it is possible 
to reduce the reflected voltage in the phase changer to less 
than 1%. 


2. THEORY AND EXPERIMENTAL PROCEDURE 


2.1. Determination of B. When the cell is filled with 
liquid the first step (with mixer 2 disconnected) is to move 
the probe along the cell to investigate the amplitude variation. 
With low-loss liquids the minima will be sharp, but with 
high-loss liquids they may be undetectable. With low- and 
medium-loss liquids an accurate measurement of the phase 
constant 6 can be made as follows. If y be the propagation 
constant of the liquid the electric field x cm from the short 
circuit may be written 


ES Eilew ea) (1) 


If «2 < * a close approximation to the positions of the 
minima is given by 


we ae is 2) (2) 


n an integer, and from this a close approximation to 6 can 
be found. For water at 25°C and a wavelength of 50cm 
the error in B due to ignoring «?/? is approximately 0-03 %. 

When «a is large enough, or the cell long enough, for 
reflected waves to be ignored, then any two points one wave- 
length apart must differ in phase by 27 radians. The 
procedure for finding f is then to establish a null balance at 
a suitable point in the cell; a second point is then found where 
the null balance can be restored by readjustment of the cut-off 
attenuator alone. When this is achieved the points are one 
wavelength apart and f is obtained. 

2.2. Determination of « and B by the double-distance 
method. The ratio of the vectors at two points P and Q on 
the axis of the cell is given by 


(3) 


where x, and x, are the distances of P and Q from the short 
circuit; r and @ are experimentally determined by the cut-off 
attenuator and phase changer respectively. If now x, = 2x2 
equation (3) can be solved for « and B to give 


cosh «x, = r7/4 + [( 72/4)? + r? sin? 0]? (4) 

cos Bx, = r2/4 —[(1 — r2/4)? + r? sin? 0]? (5) 

These equations are exact and the method can be used for 
any liquid. 

For low- and medium-loss liquids it can be shown that, 


for optimum accuracy, P should be chosen near a minimum 
an odd number of half-wavelengths from the short circuit. 
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QO will then be at a maximum. For high-loss liquids the 
conditions for optimum accuracy are less exacting and it is 
sufficient to choose x, as large as possible. For a medium-loss 
liquid « could be obtained within +2% and 6 within +0°1%. 


If we put @ = 7/2 in equations (4) and (5) we obtain 
sinh ax, = r/2 (6) 
cos Bx, = — 1 (7) 


Equation (7) shows that P must then be at a point (2n + 1) 
half-wavelengths from the short circuit. This leads to an 
accurate determination of «, since it is only necessary to go 
back half-way to the short circuit from any one of the above 
points and measure the amplitude ratio; « can be immediately 
determined from equation (8). The above points can be 
readily found by a knowledge of 8 and the position of the 
short circuit as described in Section 2.1. This modified 
method is independent of the phase changer. 

2.3. Determination of « from the ratio of minimum to 
maximum, 
amplitude at a distance x cm from the short circuit is 


E = Ep[2(cosh 2ax — cos 28x)}} (8) 
From equation (8) we can derive the approximation 
sinh 
Etat Conare = ee = sinh XX} (9) 
; cosh ax, 


where x, and x, are the distances of the minimum and the 
maximum respectively from the short circuit. This is a 
good approximation in liquids when «? < B* and when 
cosh ax, ~ 1. When this latter condition is not satisfied 
successive approximations must be used. 

The best estimate of the error in « is given in practice by 
the scatter in the results obtained by working out all the 
determinations given by the various possible combinations of 
the different maxima and minima. 

The phase changer is not used in this method and the 
accuracy of the results depends mainly on the cut-off 
attenuator. 

2.4. Phase method of measuring « for low- and medium-loss 
liquids. If P and Q are two points on the axis of the cell 
where the amplitudes of the electric vectors are equal, it can 
be shown that 

j tan (0/2) = tanh y€/tanh yd (10) 


where 2d = x, + x. and 2 = x, — x,; x, and x, are the 
distances of P and Q from the short circuit and 6 is the phase 
difference between the vectors. Since 6, d and & can be 
measured experimentally then y can, in theory, be determined 
from equation (10). If now P and Q are on opposite sides 
of and close to a minimum, then 2d ~ nd,, and € is small. 
In this case equation (10) reduces to the approximation 


tanh ad ~ tan BE/tan (6/2) (11) 


6 and € are determined experimentally and f is found as 
described in Section 2.1. This method applies to any liquid 
which has a detectable minimum in the standing-wave pattern. 

The experimental procedure for this method is straight- 
forward. With the signal through the attenuator reduced to 
zero the probe is set to a point to one side of a minimum. 
The signal through the attenuator is then increased and the 
phase changer is adjusted until a null balance is obtained. 
The cut-off attenuator is then fixed in position, the probe is 
moved through the minimum to a position roughly equi- 
distant on the other side and the phase changer and probe 
are then alternately adjusted until a second null balance is 
obtained. Since the attenuator has not been altered for this 


From equation (1) it can be shown that the 
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second null balance the vector amplitudes are unaltered and 
the conditions for the application of equation (11) are satis- 
fied. This procedure can be repeated at the different minima. 
2.5. Determination of « and B by the travelling wave 
method. When « is large enough for the effects of the 
reflected wave to be ignored then conditions at the input of 
the cell (Fig. 2) correspond to the propagation of a pure 
travelling wave. The electric vectors E, and E, at distances 
dandd + X,, 
of phase and 
EB, /E5 = e%n 


«; is the attenuator constant, we have 
E,/E — e%Am = ex! 


OL Sa teN iN 


(13) 
(14) 


Therefore 


This method is rapid and capable of very high accuracy, A 


and because of this the cell of Fig. 3 was constructed. This 


new cell was used successfully for measurements on water at~ 


wavelengths of 10 and 17cm, but at 50cm for water the 
value of « was too low to attenuate the reflected waves 
sufficiently. With this modified form of cell it is easy to 
measure B to +0-1% and the accuracy of the determination 
of « is limited mainly by the accuracy with which the attenua- 
tion constant of the cut-off attenuator is known. 


A 


The above methods have all been discussed on the assump- 
tion of a perfect short circuit and a non-reflecting probe. 
practice these conditions do not exist so an investigation has 


ERRORS 


been made of the effects of a dissipative short circuit and a | 


reflecting probe. 
If the method described in Section 2.3 is used then equation 
(9) must be modified to 


1 Sie 
1 5( | 
| te 2 \sinh ax, 
where 6 = 1 + pz and is assumed to be real, p, is the 
reflexion coefficient of the short circuit. 


Similarly if the probe has a complex reflexion coefficient 
pi = |pi|e/* then 


(Sam AX2 


sinh ax, 
~ cosh ax 


sinh ax, 
~ cosh «x, 


where p+ is small. 

Both effects could, in theory, be detected by the calculated 
values of « being larger for positions near the short circuit 
than for positions further away, but in the apparatus 
described neither effect was noticed. 

The correction to f is negligible. 
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from the input end of cell are 27 radians out — 


(12) 


If a null balance is obtained at each point and /cm is the ; 
difference in the readings of the cut-off attenuator then, if 


In@ 


om 


. 
\ 
: 


4 


cosh —)| 1 


[? —|pi| cos p(e-=*1 + e-3*2)) (16) 
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centre. 
| are distorted unsymmetrically, and it is to be shown that this 
- results in an effective probe impedance depending only on 
| the probe geometry (represented by parameters p) and s, and 
| independent of E and of the probe position and orientation 
; (parameters 0). 


NOTES AND NEWS 


Correspondence 


Probe impedance in the electrolytic tank 


| Since high probe impedances necessitate circuit elabora- 
_ tions,7.2) probe design is important. 
| usually ascribed to capacity or polarization effects, but in 
_ many cases the simple ionic conduction mechanism will give 
a useful estimate, so that the optimum size and shape may 
| be calculated. 


The impedance is 


Consider a submerged probe tip, represented by a closed 


conducting surface (ignore the insulated connexion®)) in an 
| electrolyte of specific resistance s. 


Let the probe be small 
enough to assume the surrounding field initially uniform (of 
strength E), and suppose it takes up a potential V relative 
to the original electrolyte potential (r.m.s.) at its electrical 
Since V is not zero the current lines near the probe 


Let parameter gq represent the co-ordinates of a general 


» point relative to the probe (not to the direction of E), and let 
| e represent the electrical parameters E, V, s, and i (difference 


between ionic probe currents ingoing and outgoing). The 
potential distribution ¢(o0, p,q, ¢) may be regarded as the 
superposition of: (i) that due to the conductor, at zero 


- potential, in the field £; and (ii) that due to the conductor, 
_ at potential V, in a zero field. The current flow due to 
| distribution (i) is symmetric, so that net current is zero. 


It 
is therefore sufficient to consider distribution (ii), and it is 


' immediately apparent that no expression derived from such 
' consideration can involve E or o. 


This establishes the 
necessary independence, and it remains to show that i is 


| proportional to V. 


Now d(p, q, €) is determined by these conditions: it must 
be finite and continuous; it must vanish at infinity [which 
would not be true of distribution (i)]; it must satisfy Laplace’s 
equation; and it must take a constant value over the surface. 
The function thus defined is unique but for an arbitrary 
multiplying factor (fixed by the value of V). Apart from the 
factor, therefore, this function depends only on the geo- 
metrical parameters p,q and is independent of the electrical 
parameters e. The multiplying factor g must be a function 
of e. So ¢=g(i, V,s)f(p,q. The function f must be 
independent of g on the surface [f(p,q) +> /fo(p)] where 
b=. Thus 4(p,9, e) = [V/folp)|/(e,q. The function 


faust also take the form F(p)/r at large distances; in fact we 


must have | 
dp —> is/4ar (1) 

at large distances, so that 
(Vii)/s = fol(p)/47F(p) (2) 


i.e. (probe ‘“‘impedance’’)/(electrolyte resistivity) is a function 
of the probe shape and size. 

[In unrationalized units, the right-hand sides of equations 
(1)-(5) must be multiplied by 477. Equation (6) is unchanged. ] 

Expressions for f are better known in the analogous 
electrostatic problems concerning total charge Q on the 
surface, and dielectric constant € of the surrounding materiai 
(i > QO, s > 1/e). In these terms, the above is a demonstra- 
tion that the capacity of the conductor does not depend on 
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the orientation or magnitude of a uniform field established 
in the dielectric. : 


For an ellipsoid with semi-axes a > b > c, it is known that 
distribution (ii)* is 6 = Ck, 


dé 
+ bE + ©] 


where 


n= | eran 


the suffix indicating the lower limit. € is the ellipsoidal 
co-ordinate such that the surface € = 0 coincides with the 
conducting surface. But at large distances, J; becomes 2/r, 


while dh —> is/4rr (3) 
so that we have at any point [compare Ref. (4), p. 208 (7)] 
& = (is/8m)Iz (4) 
On the surface ¢ equals V and Iz becomes Jp, so using 
1/probe impedance = 7/V (5) 
we have finally 
probe impedance/s = [9/87 (6) 


By taking the new variable v = (—1/k)(€ — B)/(E — a) 
where 


a=—c’—R Ay = — a? — b? + 2c? + 2R 
Bass ce Roe with Wy as ab? ee ak 
ke =X |p R=V[@ — c?\(b* — c’)] 
I) becomes 
1 
2 dv 
WA ee eee) | 
Bio. 
ae 7 [Rw — K(k, sin—! B/a)] 


K is the standard elliptic integral of the first kind, and K is 
the corresponding ‘“‘complete integral.” 

Notice that the inverse of the impedance varies with the 
linear dimension of the probe tip, in order of magnitude, 
while the inverses of the electrolyte “arms” vary with its 
square. 

If the volume of the probe tip is fixed (abc = 1), the probe 
impedance expression varies with shape as shown in the 
figure [part (a)]. Thus rod-like shapes give a lower impedance 
than disk-like shapes of the same thickness, especially when 
the thickness is small. The sphere seems the worst choice 
from this point of view.@) On the other hand, it seems 
possible that the rod will be the shape to cause the worst 
disturbance, in a non-uniform field, when its orientation 
happens to be unfortunate (longest dimension parallel to 
field). 

Expressions for the special cases a = b and 6 = c may be 
found in Stratton,# p. 209 [see figure, part (b)]. The 
impedance of a cylinder will lie between that of inscribed and 


* See for example Ref. (4) p. 208. I am indebted to Dr. C. 
Strachan for pointing out that it is not necessary to use the more 
complicated expression given by Stratton as equation (26). 


Correspondence 


exscribed ellipsoids. For long cylinders the former is larger) 
by 4/2, and may be taken as an upper limit. 

The limits of validity of the conduction mechanism are 
unknown. A few simple measurements with an available 
probe show quantitative agreement within the limits of the 
experiment. Twenty-six gauge platinum wire projects 
vertically from an insulating holder in a 1000 c/s horizontal 
uniform field in tap water, about 1 V/cm. The circuit is a 
null potentiometer with oscilloscope detector (resistance R,). 
(a) The depth’ of immersion is varied from | to 13 mm at 
various nce positions and with R, fixed at values between 


4kQ and 4MQ. Plots of (1/signal) against theoretical 
face me 
BOI OOS es 
Roosol/’ col disk 
0.025}"°" 
; 4 5 
b2 
(a) 
3+ 
R 
s 2 — 
fe) 20 30 
Length/diameter 
(b) 


Resistance of ellipsoidal probe tips 


(a) constant volume (abc = 1); 
(6) prolate ellipsoids (6 = c = 0:2286 mm). 


impedance values are straight lines, confirming the form of 
the relation “impedance versus geometry” in the rod-like 
case. The intercept agrees with the known R, values. 
(6) With the 13 mm length of probe tip completely submerged 
(and also at several fixed partial immersions), R, is varied, 
and (1/signal) against 1/R, are straight lines, the intercept 
giving probe impedance values in quantitative agreement 
with the theory. Apparent downward trends in the value 
appear (i) very near balance position; (ii) near the main 
electrodes; (iii) with the field strength halved; and (iv) at 
frequency 4kc/s. Careful experiments would be needed to 
show whether these trends are significant. The values are 
fairly low, of order 10kQ. Capacitative probe coupling was 
noticed only at very small immersions. 


Department of Natural Philosophy, J. C. BurFoor 


University of Aberdeen. 
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Electrical dehydration of tar emulsions 


In a recent paper“) it was shown that when emulsions of 
water in fuel oil and many other suspensions are placed in a 


direct or alternating electric field the droplets or particles line — 


up into chains in the direction of the field and in the case of 


emulsions the droplets may coalesce and the phases separate. — 
Emulsions of water in tar occur in gas making plant and are — 
Electrical dehydration is — 


a source of operating difficulties. 
one of the methods employed to resolve such emulsions but 
is well known to be ineffective with certain tars. The authors 
recently had an opportunity of studying the process and 
although insufficient work has been done to establish a 
complete theory some of the results obtained are of interest. 


When the effect of electric fields on emulsions of water in — 


tar was examined in the concentric cell and in the manner 


already described,“ the action observed was of two main — 


types. The first is illustrated in Fig. 1 which refers to a 
low temperature tar produced in a Gray—King assay‘) and 
shows an action similar to that already noted in emulsions 
of water in fuel oil. Fig. 2 refers, however, to a commercial 
tar and illustrates a quite different effect. 
this tar is seen to contain in addition to the water droplets, 


solid particles, presumably carbon, which under the action — 


of the field form a network of chains in which the droplets 
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are held separate one from another. 

-etween droplets and consequent coalescence is prevented. 
It will be observed that whereas the voltage applied to the 

cell in the case of the low temperature tar was 350 V, that 


for the coke oven tar was 1000 V. This difference is not © 


significant, however, as the values were chosen to provide 
demonstrations of the two types of action in reasonable 
times. The rates at which the chains form are dependent on 
a number of factors in addition to the value of the applied 
voltage, the most important of them being the viscosity of the 
tar. 
ovens and the chains of droplets thus form in it at a lower 
electric field strength. 

The characteristics of tar have rendered impossible the 
complete range of experiments that was carried out with fuel 
oil emulsions but the foregoing indicates one factor hindering 
the electrical dehydration of certain types of tar. 

This note appears by permission of the Director of Fuel 
Research and the illustrations which are Crown copyright are 
reproduced by permission of the Controller, H.M. Stationery 
Office. 


Fuel Research Station, 
Greenwich, 
London, S.E.10. 
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Unlike the first, | 


In this way contact — 


3 


Low temperature tar is less viscous than that from coke — 


Correspondence 


(a) Untreated material. The silhouette in the top left-hand (b) After the application of an alternating voltage (350 V) to 
corner is the central electrode. the cell. The droplets have started to form chains and some 
coalescence has occurred. 


Fig. 1. Photomicrographs of an emulsion of low temperature tar produced by the Gray—King assay 


o 


i). 2 


(a) Untreated material. The white circles are droplets and (6) After the application of an alternating voltage (1000 V) to 

the black specks are particles of carbon. The dark mass in the the cell. The carbon particles have formed chains and 

top left-hand corner is a thicker layer of tar surrounding the although there has been some coalescence of the droplets, no 
electrode. further action can occur because of the carbon chains. 


Fig. 2. Photomicrographs of an emulsion of coke oven tar 
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New books 


Wool, its chemistry and physics. By PETER ALEXANDER and 
RosBert Hupson. (London: Chapman and Hall, Ltd., 
1954). Pp. viii + 404. Price 45s. 


“ven physical theories ... were first studied and 
developed by scientists working on wool fibres before 
being extended to other systems.” 


This quotation from the preface is a good guide to the 
contents of the book: it uses physics to gain a better under- 
standing of the structure and chemistry of wool. The 
important thermal and water repellent properties of wool 
are not mentioned, and the chapter on mechanical properties 
gives no indication of the value of any elastic moduli; sorption, 
swelling and diffusion are fully discussed. 

Research workers concerned with the application of 
physical methods to polymers,,and particularly to proteins, 
will find the book most stimulating. The controversy of 
multi-molecular absorption versus solution theory is carefully 
presented, and might well inspire those conversant with 
statistical thermodynamics to attempt, at least mathe- 
matically, to bridge the gap between them. There is, too, 
much of interest to the physicist in the acid-base character- 
istics of wool, whilst the Donnan and Gilbert and Rideal 
theories of dyeing might well be tidied up. All these, and 
many more polymer problems, together with the usual 
chemistry of wool, are carefully described in a book that is 
easy to read and excellently produced. A. B. D. CAssiz 


An atlas of typical expansion chamber photographs. By 
W. GENTNER, H. Marer-Lernirz and W. BOorTHE. 
(London: Pergamon Press Ltd., 1954.) Pp. x + 199. 
Price 105s. 


Some fourteen years ago the authors of this volume published 
the Atlas typischer Nebelkammerbilder, a collection of pictures 
showing the application of the cloud chamber to nuclear 
physics and cosmic rays. This book went out of print during 
the war and when, five years ago, a new edition was being 
considered, it was decided to republish as a series of three 
volumes covering the two principal pictorial techniques of 
atomic physics, the cloud chamber and the photographic 
emulsion. The first volume, entitled Cloud chamber photo- 
graphs of the cosmic radiation, appeared in 1952, the present 
volume is the second, and the third, Emulsion method photo- 
graphs, is ready and will appear shortly. The aim of the 
series is to present photographs of historical importance and 
typical examples of many of the main phenomena of atomic 
physics so that physicists, and perhaps others also, can get 
a clear picture of sub-atomic processes. 

The present volume, which is dedicated to the inventor of 
the cloud chamber, C. T. R. Wilson, includes natural and 
artificial radioactivity, the radiations from radioactive sub- 
stances, nuclear transmutations and cosmic rays. Like its 
predecessor it is a collection of beautiful photographs, 
excellently reproduced. Technical details are printed in small 
type, while in the main text there is given the accepted 
description of the phenomena which the photograph illus- 
trates. Legends are in three languages, English, German and 
French. The impression gained by reading these legends and 
studying the pictures is that the original aim has been fully 
achieved. The descriptions are simpler and easier to read 
than those in the first volume where the element of critical 
interpretation was stressed and rather more emphasis was 
placed on technical details. 

The reviewer makes only two critical comments, the first 
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concerning the absence of a list of plates or an index, surely 
a serious omission in a volume intended to be an encyclopaedia 
of cloud chamber photographs, and the second the high price, 
which will unfortunately limit the extent to which the book 
will be used. Since the high standard of reproduction of the 
photographs is quite essential, it would seem that the only 
way of achieving a reduction in price would have been by 
limiting the scope, perhaps by devoting the book to nuclear 
physics only. G. D. ROCHESTER 


Hydraulic systems and equipment. By R. HADEKEL. (London: 
Cambridge University Press, 1954.) Pp. viii + 224. 
Price 18s. 


This book is concerned exclusively with hydraulic machinery 
as used to control the transmission of force and motion to © 
solid bodies. Thus the hydraulics of civil engineering is not 
dealt with, nor are other fluid handling problems such as 
engine fuel systems or lubrication systems. By specifically 
limiting his scope in this way, Mr. Hadekel has been able to 
give a concise and systematic account of the type of machinery 
involved in presses, machine tools, lifting jacks, brakes, etc. — 
The main emphasis is on hydraulic circuitry, and particularly — 
on those aspects which are analogous to switching and relay. 
techniques in electrical engineering. Feedback control 
systems are barely touched on, though the bibliography is 
strong in this respect. 

The author maintains a high standard of lucidity con- — 
sidering that some hundreds of intricate mechanisms are 
discussed. This is partly due to the use of exceptionally clear 
diagrams, which dispense with: the need for the heavy verbiage — 
often found in machine literature. The treatment is essentially 
descriptive, mathematics being confined to a few basic design 
formulae. Performance figures are seldom quoted. 

There is a dearth of objective literature on this increasingly 
important branch of modern technology, and Mr. Hadekel’s 
book is a welcome contribution. A. T. FULLER 


Quantum mechanics. By F. MANDL, M.A., D.Phil. (London: 
Butterworths Scientific Publications, 1954; New York: 
Academic Press Inc.) Pp. vili + 233. Price 35s. 


This book concentrates specially on those points which are 
not adequately covered or not discussed in enough detail in 
other existing textbooks. It should be very welcome, there- 
fore, to a conscientious student whom the other books may 
have left dissatisfied about several items. On the other hand, | 
the author sometimes, rather than duplicate them, frankly 
refers the reader to the books of, for example, Sommerfeld 
or Schiff, even for important mathematical details which are 
very fully discussed in standard textbooks. Thus it is doubtful 
whether the book can be considered as a self-contained 
introduction, but reference to other textbooks is made when- 
ever appropriate, and in compensation the book gives a 
sound and quite modern treatment (including, for example, 
the operator exp (—iHt/fA) rarely found in other introductions) 
which covers non-relativistic quantum theory including spin, 
perturbation theory, collision processes, and an introduction 
to group theoretical ideas. Not many examples are worked 
out in the text, but thirty pages are devoted to hints for 
solving the exercises at the end of each chapter. The book 
developed originally from a course of lectures to experi- 
mentalists. The aim “to give them a thorough grasp of 
quantum mechanics enabling them to perform quantum 
mechanical calculations and to read the theoretical literature 
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without demanding a previous high standard of mathematics,” 
las stated on the dust cover, and the author’s contention that, 
in spite of its lack of mathematical rigour, the book should 
serve the theoretical student as an introduction to more 
advanced work, are admirably realized. H. PELZER 


0 ccasional Notes, No. 16: Radio astronomy. (London: 
Royal Astronomical Society, 1954.) Pp. 49. Price 6s. 


‘The custom of the Royal Astronomical Society, of under- 
(stating the intellectual weight of their publications by calling 
them “notes,” is exemplified in this highly informative and 
scholarly monograph; it summarizes the history, principles 
and methods of radio astronomy, with accounts of recent 
esults in some of its more striking fields. The authors are 
ifrom Professor Lovell’s group at the Jodrell Bank Institute 
associated with the Physics Department of the University of 
Manchester, but the other workers from Cambridge, Sydney 
land Leyden are given due prominence, and the whole vast 
Subject is outlined from a basis of clearly indicated first 
Hprinciples. Experimental physicists in other fields may be 
especially interested in the chapters on technique; but if they 
are not mere technologists they will also share with the 
astronomers and cosmologists a keen enjoyment of the 
‘chapters on solar, galactic, interstellar and extra-galactic 
sources of radio emission. The little book expresses excel- 
@:ently the advance made possible by exiending optical into 
‘radio frequencies for exploring the sky. 


MARTIN JOHNSON 


fmgineering dynamics, Vol. 3, Steam turbines. By Professor 

C. B. BrezENo and Professor R. GRAMMEL. (London 

and Glasgow: Blackie and Son Ltd., 1954.) Pp. 264. 
Price 40s. 

I 


‘Of recent years the increase of both power and speed of 
jmachinery has beset the engineer with many new problems 
rand few texts are available to guide him in his investigations. 
‘Admittedly there are numerous specialist papers scattered 
throughout the literature of the world, but little has been 
idone to collect this information. The present volume is the 
‘third of four which set out to give the postgraduate mechanical 
engineer a comprehensive text on the solution of the dynamical 
‘problems encountered in steam turbines and internal com- 
ibustion engines. 

This volume goes very fully into the problems of the 
istrength, modes of vibration and deflexions of rotating disks 
jof various forms and of turbine blades, and gives a very 
thorough discussion of the critical speeds of shafts. The 
imathematics is unavoidably somewhat heavy, for the subject 
lis not one which admits of superficial treatment, but the 
authors have shown the application of their theory to practical 
H problems and have indicated in many cases graphical methods 
| of evaluation. 

| It is perhaps to be regretted that volumes | and 2 have not 
| yet reached publication for they are scheduled to contain the 
basic elastic and mechanical theories and methods which are 
|largely used in this volume, and to which continual reference 
lis made. Nevertheless, the text is admirably clear, and if the 
| other volumes are of the same character the advanced 
jengineer will certainly be in the debt of Professors Biezeno 
|and Grammel. 

| Incidentally the translators, E. F. Winter and H. A. Have- 
}mann, are to be congratulated in that the book shows no 
i sign of having been translated from another language. 

| H. T. Jessop 

B. J. Litoyp EvANs 
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New books 


Rohrhydraulik. By H. Ricuter, Dr.Ing. (Berlin: Springer- 
Verlag, 1954.) Pp. xi + 328. Price D.M. 34-50. 


The first edition of this book was published in 1933. For 
this second edition the text has been revised to take account 
of the recent developments in the subject, but the arrangement 
and scope of the book remains unaltered. The first half of 
the book consists of a review of the present state of knowledge 
of the fluid mechanics of pipe flow. Little previous knowledge 
of the subject is assumed, and the material is presented 
clearly, with excellent diagrams. In the remainder of the 
book this information is put into a form suitable for practical 
calculations on flow through piping systems. Various charts 
and nomograms are given as aids to rapid calculation, and 
there are a number of worked examples. 

Pipe friction data for turbulent flow are in this edition 
presented in the now widely accepted form of f~ Re 
diagrams based on the Colebrook—White function. Bend 
losses are dealt with quite fully, but more could have been 
said about the losses in valves and fittings, since these can 
in certain systems be the most serious source of loss. 

Although much of the latter part of the book will be of 
limited value in this country owing to the use of metric units, 
the excellent survey of theoretical and experimental work 
given in the first half of the book is of general interest. 

H. C. WILKINSON 


Sensations of tone. By HERMANN L. F. HELMHOLTZ. (New 
York: Dover Publications, Inc., 1954.) Pp. xix + 576. 
Price $4.95. 


This famous classic of acoustics; source book for all writers 
on the subject, has just been re-issued as an exact reprint of 
the English edition of 1885, translated by Alexander J. Ellis 
from the 4th German edition of 1877. The translator’s 
additional notes “especially adapted to the use of musical | 
students” are also given in full. Professor Henry Margenau 
of Yale University provides a short biography of Helmholtz 
by way of introduction, together with a bibliography of his 
scientific publications. 

Despite all the recent revolutionary applications of elec- 
tronics in the acoustical field, most of the problems discussed 
by Helmholtz are still vital to-day—indeed, on sounds 
considered in isolation, he has probably dealt with all the 
relevant phenomena and leads us to the point where the 
musician and psychologist take over their task of considering 
the melodic and harmonic relations of sounds. 

H. Lowery 


Volumetric glassware. 
1954.) 


Notes -on applied science No. 6. 
(London: Her Majesty’s Stationery Office, 
Pp. v+ 45. Price 1s. 6d. 


The purpose of this useful monograph, which has been pre- 
pared by the National Physical Laboratory, is to present the 
basic scientific information which must be taken into account 
in the preparation of standards for volumetric glassware, and 
to set out the main features of standardization which apply 
in both rationalization and verification. Certain features 
which apply only to particular instruments are also dealt with 
and, for those vessels intended to deliver (not to contain) a 
specified volume, examples showing the need for close control 
of the conditions of delivery are given. The notes are 
supplementary to any test pamphlets issued by the N.P.L. 
and British Standards issued by the British Standards 
Institution. They do not, however, discuss techniques of 
manufacture, or the uses of the apparatus. 


Notes and comments 


Elections to The Institute of Physics 

The following elections have been made by the Board of 
The Institute of Physics: 

Fellows: F. 1. Hurley, A. J. Kennedy, J. D. McGee, M. E. 
Pillow, A. Radcliffe, H. C. von Bertele. 

Associates: M. E. Baird, G. A. Bassett, S. S. Baxter, W. R. 
Blevin, J. S. M. Botterill, D. S. Briggs, E. S. Brown, W. F. 
Caplehorn, G. K. Eaton, R. W. M. Fane, G. G. Fowlie, 
R. Gill, D. Greene, S. Griffith, W. D. Hardy, A. K. Head, 
J. F. Hills, K. R. Hodgson, S. B. Hudson, I. H. Jenkins, 
Y. Klinger, J. E. Laby, D. H. Le Croissette, S. N. A. Marger- 
son, R. H. Norman, P. G. Parish, W. D. Parkinson, N. J. C. 
Peres, A. G. Pulford, J. M. Rooke, H. B. Sarjeant, G. R. 
Sharp, S. E. F. Smallwood, F. Smith, J. A. S. Smith, A. M. A. 
Swindells, K. E. Timmel, R. Vollprecht, B. R. H. Warrell, 
C. G. Webb, F. J. Weinberg, R. E. Weston, W. S. Whitlock. 

Forty-six Graduates, eighteen Students and seven Sub- 
scribers were also elected. 


International symposium on electrical discharges in gases 

An international symposium on electrical discharges in 
gases will be held at the Technical University of Delft, 
Netherlands, from 25-30 April, 1955, with the support of 
U.N.E.S.C.O. (through the intermediary of the International 
Union of Pure and Applied Physics), the Fund of the 
Technical University of Delft and the Philips’ Works, 
Eindhoven. 

The following main subjects will te discussed: 

1. Fundamental processes and new views on the mechanism 

of gas discharges. 

2. Instabilities and conditions of stability, oscillations and 
noise phenomena in gas discharges. 

Breakdown potential as a function of potential difference 
and frequency. 

4. (a) New methods of measurement applied to the 

investigation of gas discharges. 
(6) Gas discharges applied to other physical problems as 
a method of measurement. 

5. Arc discharges. 

6. Spark discharges. 

7. Miscellaneous. 

The languages to be used are English, French and German; 
with a preference for English in the discussions. A pro- 
gramme for ladies visiting Delft but not attending the sym- 
posium will be arranged. 

Enquiries concerning the symposium should be addressed 
to the Secretary of the Symposium Committee, Ir A.W. van 
Wagensveld, Mijnbouwplein 11, Delft, Netherlands. 


Conference on mass spectrometry 


The Third Annual Conference on Mass Spectrometry under 
the sponsorship of American Society for Testing Materials 
will be held from 23 to 27 May, 1955, at the Mark Hopkins 


Hotel in San Francisco, California. The programme will 
consist of papers covering all aspects of the theory and- 
application of mass spectrometry. Papers are invited and 
titles should be submitted by 15 February, 1955, to Mr. 
William Priestley, Jr., Standard Oil Development Co., Box 
121, Linden, New Jersey, U.S.A. 

An exhibition of mass spectrometry equipment will also be 
arranged and prospective exhibitors may obtain information 
from Dr. J. G. Hutton, General Electric Co., 1 River Road, 
Schenectady, New York, U.S.A. 


Harwell Isotope School 


The Harwell Isotope School, which since it was founded in . 
1951 has had 329 students from 24 different countries, is now 


preparing its programme for the next twelve months. Training | 
is given at this school in the applications of radioactive — 


materials in research and industry and in the techniques of 
The 


producing, measuring and handling such materials. 
courses, which last for four weeks, include both lectures and 
practical work in the laboratory. Students should be 


graduates of a university. The courses for early 1955 are — 
already fully booked, but there are at present vacancies on — 


the courses commencing on 25 April and 27 June, 1955. 
Details of the course fee and further information can be 
obtained on application to The Isotope School, Atomic 
Energy Research Establishment, Harwell, Berks. ; 
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he kilovoltage across an X-ray tube is generally indicated 
n the control panel of the generator by means of a volt- 
meter in the low tension circuit of the high tension trans- 
srmer, or by means of numbered stud settings on the 
-ontrolling autotransformer. Both these indicators have to 
e calibrated, and the variety of methods used is perhaps an 
idication that none of them is thought to be entirely satis- 
sctory. Firstly, the open circuit kilovoltage from the 
sansformer, or, better, the kilovoltage across the X-ray tube 
-: a low tube current, may be measured by the sphere gap 
txethod. The voltage drop at higher tube currents is then 
hilowed for, either theoretically or by means of a “radio- 
eraphic calibration.” (This technique is discussed in the 
inal section of this paper.) A powerful argument in favour 
hf this latter method is that with tubes used for medical 
¥adiography, it is a “photographically effective” rather than 
1 “physically exact” kilovoltage that is required. Secondly, 
\ he kilovoltage across the X-ray tube may be measured by a 
sphere gap at all tube currents. As the permissible exposure 
limes at the higher currents are severely limited the sphere 
pap has to be set by trial before the exposure is made, with 
the risk that surge voltages will be measured rather than the 
true peak voltage. Thirdly, in order to overcome this last 
criticism, several tubes may be connected in parallel across 
the transformer so that the current through any one tube is 
teduced with a consequent increase in the permissible exposure 
The sphere gap may then be adjusted during the 
xposure. A criticism of this method is that the voltage is 
not measured with the actual tube which is to be used with 
he transformer. 

| All these methods may be used in the factory for an initial 
Icalibration, but after final installation the apparatus will 


length. For these reasons a check of the voltage is desirable, 
land in any case a subsequent measurement may be required 
lafter repair or modification of the apparatus. The method 
employing X-ray tubes in parallel is hardly applicable as the 
apparatus can only be transported with difficulty. Ifa sphere 
igap is to be connected directly across an X-ray tube after its 
linstallation, special adaptors will be required to allow the 
conductors to pass through the earthed shielding of the tube 
Ihead or cables. There would, therefore, appear to be a need 
‘for a method of voltage measurement which could be 
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ORIGINAL CONTRIBUTIONS 


The measurement by ionization methods of the peak kilovoltage 
across X-ray tubes 
By J. R. GREENING, B.Sc., Ph.D., A.Inst.P., St. George’s Hospital, London, S.W.1 
[Paper received 24 August, 1954] 


The difficulties of measuring the kilovoltage across modern X-ray tubes immersed in oil within 
earthed shields are pointed out, and the need for a method of measurement applicable when 
the apparatus is installed ready for use is emphasized. Methods are developed based on 
observing the threshold of phenomena associated with the absorption of X-rays from the 
apparatus by the K-shells of various irradiated materials. These phenomena are (i) the emission 
of characteristic radiation, (ii) the emission of photo- and Auger electrons, and (iii) the additional 
absorption of the X-ray beam. A method employing a combination of effects (i) and (iii) is 
finally adopted, and several examples are given for X-ray machines operated at both high and 
low milliamperages. A simpler technique is described suitable for measuring the voltage drop 
under various loads. 


employed with equal facility in factory or hospital, and 
which involved no disturbance of the apparatus in any way. 

In the present paper, it is shown that the peak kilovoltage 
across an X-ray tube may be determined by observing the 
threshold of some phenomenon associated with the absorption 
of the X-rays by the K-shells of various irradiated materials. 


K-SHELL ABSORPTION PHENOMENA 


There are three phenomena associated with photoelectric 
absorption which might be used to determine the reading of 
the kilovoltage indicator at which this absorption first occurs. 
These are (i) the emission of characteristic radiation, (ii) the 
emission of photo- and Auger electrons, and (iii) additional 
absorption of the primary beam. These methods are not 
applicable at voltages above 116-3 kV which corresponds to 
the K-edge of uranium but the normal kilovoltage range used 
in medical radiography can be covered. 


(i) Emission of characteristic radiation. An ionization 
chamber A placed as shown in Fig. 1 within a thick lead 
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Fig; 1: 


screen B will be exposed to secondary radiation coming from 
the irradiated sheet C, but will receive very little direct 
radiation from the X-ray tube. The secondary radiation will 
be composed of scattered radiation, both coherent and 
incoherent, together with radiation characteristic of the 
material C. When the peak voltage across the X-ray tube 
exceeds the voltage corresponding to the K-absorption edge 
* 


| 


S| 
; 


J. R. Greening 


of C, K-characteristic radiation will also be produced. Since 
the K-radiation will be of shorter wavelength than most of 


the scattered radiation, and of all other characteristic radia- 


tion, the proportion of the total radiation reaching the 
chamber which is K-radiation will be increased if a suitable 
differential absorber D is placed in the path of the secondary 
radiation. A suitable material for this differential filter is 
that of which the secondary radiator C is made, as any 
material has a low absorption coefficient for its own K- 
radiation, and a higher absorption coefficient for radiation 
of longer wavelength. Nevertheless a material of atomic 
number higher than that of the secondary radiator is also 
effective. 

In Fig. 2 are shown the results of measurements made on 
a line focus, stationary anode tube in a two-valve half-wave 
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Fig. 2. Tantalum and lead K-radiation thresholds for a 
two-valve, half-wave, line focus, stationary anode unit 


circuit. The readings of a voltmeter connected across the 
primary of the h.t. transformer are plotted against the square 
root of the ionization current in a 500cm? chamber. The 
irradiated materials were tantalum (K-edge at 67-6 kV) and 
lead (K-edge at 88-2 kV), the differential filters being 0:1 mm 
lead and 0-5 mm lead respectively. 

Fig. 3 shows similar results for a hooded anode self-rectified 
therapy tube. It will be seen that the square root of the 


Primary voltage (V) Ta 


60 © 80 


SO 
7 


2 2 
oY (ea 
Vv f8) 
° 2 
© vu 
3 8 
S S 
| 
60 70 80 90 l|OO 


Primary voltage (V) Pb 


Fig. 3. Tantalum and lead K-radiation thresholds for a 


self-rectified, hooded anode, therapy unit 


ionization current is almost a linear function of the voltage, 
the slope changing as K-radiation is produced. 

The value of the method depends on the accuracy with 
which the point at which the slope changes may be determined, 
and this accuracy increases as the angle between the two 
straight lines increases. Any improvement of accuracy would 
seem to depend on reducing the “background” of scattered 
radiation reaching the measuring instrument, and this is most. 
readily done by increasing the thickness of the differential 
absorber. However, if this absorber is made too thick the | 
quantity of K-radiation reaching the detector becomes too | 
small for accurate measurement. It is possible that a Geiger” 
counter, with its increased sensitivity over the ionization 
chamber, would allow of the use of a thicker differential 
absorber, with a consequent sharper change of slope. -z 

(ii) Emission of photo- and Auger electrons. The ionization. 
in a chamber of very small electrode spacing irradiated by 
monochromatic X-rays should show a sudden increase as the | 
X-ray wavelength is changed from one just on the long wave- 
length side of the K-absorption edge of the wall material of 
the chamber to one just on the short wavelength side, as 
there will be an increase of the photoelectron (and associated 
Auger electron) emission from the walls. In a practical case 
with a heterogeneous X-ray beam, the sudden increase would ° 
be masked (a) by the ionization produced by the X-rays of | 
wavelength longer than the K-absorption edge, and (4) by 
the ionization produced by electrons liberated in the air of | 
the chamber rather than in the chamber walls themselves. 
For the effect to be apparent, therefore, the X-ray beam | 
should be very heavily filtered and the ionization chamber 
should have the smallest practical electrode spacing. 

Even with these precautions it is unlikely that it would be _ 
possible to detect a change in slope of the ionization versus | 
kilovoltage curve, and consequently, in applying this method | 
to the measurement of kilovoltage, the ratio of the ionizations 
in two chambers lined with materials of about the same 
atomic number has been measured. Both chambers then 
show approximately the same variation of ionization with 
X-ray wavelength for all radiation except that lying between 
the K-absorption edges of the chamber lining materials. | 
Furthermore, the ratio of the ionizations in two chambers 
may be measured with great accuracy using a Kemp 
comparator.“ 2) 

Some results of measurements made on a hooded anode 

self-rectified therapy tube using two chambers lined with 
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Fig. 4. Gold, photo- and Auger electron threshold for a 
self-rectified, hooded anode, therapy unit 
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Hold leaf and lead foil respectively and a primary filter of 
/;5mm lead are shown in Fig. 4. The absorption in the 
jold leaf was negligible, but to overcome any difference in 
wavelength response of the chambers due to absorption in 
ne rather thicker (0-1 mm) lead foil lining one chamber, the 
‘ther chamber had a similar thickness of lead foil wrapped 
Hound it. 

The change of slope shown in Fig. 4 is not as sharp as might 
ve desired, and in fact, although there is a sudden increase 
n absorption as the K-edge of the chamber material is 
‘rossed, all this energy does not appear as kinetic energy of 
lectrons, and for the wavelength of the K-edge the photo- 
jlectrons have no kinetic energy, only just escaping from the 
ttom whose K-shell they have vacated. It is possible, there- 
lore, that no sharp change of slope should be expected. 

| Git) Additional absorption of primary beam as K-edge is 
rossed. A graph of ionization current versus kilovoltage 
‘or a chamber irradiated through a thick filter should show 
. change in slope as the kilovoltage corresponding to the 
-absorption edge of the filter is reached. However, as in 
the previous section, the change of slope would be masked 
ny the presence of radiation other than that at the short 
Wavelength limit of the spectrum, and by the rapid variation 
ni ionization with kilovoltage. Similar methods can be 
icopted to overcome these masking effects, namely to 
neasure the ratio of the ionizations in two chambers, the 
adiation reaching which has been absorbed by one of two 
Hifferent materials of approximately the same atomic number, 
kad furthermore has been heavily absorbed so that only 
madiation near the short wavelength limit remains in the beam. 
Results showing the variation with kilovoltage of the ratio 


© the ionizations in two 6 cm? chambers are given in Fig. 5. 
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Fig. 5. Detection of lead K-absorption edge 
he radiation reaching one chamber had been filtered by 


i pproximately 0:4mm of tantalum and that reaching the 
lother had passed through 0:5 mm of lead. The change in 
slope corresponding to the lead K-edge is very small, but 
could probably be increased by more careful matching of the 
labsorber thicknesses and attention to other detail. This 
inethod has not been pursued further because of the success 
‘of the method described in the next section. 
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IMPROVED METHOD OF DETECTING THRESHOLD 
OF K-RADIATION EMISSION 


Of the methods so far described for detecting a phenomenon 
associated with the K-absorption edge of a secondary absorber 
or emitter, that which attempts to detect the threshold of the 
emission of characteristic radiation is the most promising. An 
attempt has been made to improve this method by (a) monitor- 
ing the radiation output, (5) using a null method of measure- 
ment with consequent increased sensitivity, and (c) combining 
the emission of K-radiation with the additional absorption 
on the short wavelength side of the K-edge. 

The experimental arrangement is the same as that shown 
in Fig. 1 with the addition of a 6 cm? chamber placed just 
below the irradiated sheet C. This chamber measures the 
radiation transmitted by C while the larger (500 cm?) 
chamber at A measures the scattered and_ characteristic 
radiation. The ratio of the ionizations in the 6 and 500 cm? 
chambers is determined using a modification®) of the 
previously-mentioned Kemp comparator. As the kilovoltage 
is increased, this ionization ratio increases, due to the 
increasing penetration of the irradiated sheet, until the 
kilovoltage of the irradiated material’s K-edge is reached. 
The characteristic radiation, which on further increase of 
kilovoltage reaches the 500 cm? chamber, reverses the trend 
in the ionization ratio, as may be seen in Figs. 6, 7 and 8. 
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Fig. 6. Tantalum and lead K-radiation thresholds for a 
two-valve, half-wave line focus stationary anode unit 
(improved method) 


In calibrating these three different types of X-ray unit, the 
K-radiation of cerium, tantalum or lead was excited. The 
tantalum and lead secondary radiators were sheets of the 
pure metal 0:-4mm and Imm thick respectively. The 
cerium radiator consisted of a layer of the pure oxide spread 
at approximately 0:1 gm/cm* on a +’; in. sheet of perspex 
and retained by a sheet of Cellophane. The differential filter 
was 0-1 mm of lead. 

The kilovoltage of the unit of Fig. 6 was normally adjustable 
only in steps of 10kV. For purposes of calibration smaller 
increments were obtained, but the ratio of transmitted to 
characteristic radiation had to be plotted against the voltage 
fed to the primary of the high tension transformer rather than 
against the nominal kilovoltage, although this has been 


J. R. Greening aT 


shown at the 10 kV intervals for which it was known. The 
calibration showed that the 70 kV stud indicated correctly, 
while at the 90 kV stud setting the true voltage was 88 kV. 
While this may be regarded as satisfactory, the unit of Fig. 7 
indicated 5 kV higher than true kilovoltage at the lead point 
(88:2 kV) and that of Fig. 8 will be seen to read 64 kV high 
at the tantalum point (67-6 kV). 
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Fig. 7. Lead K-radiation threshold for a self-rectified, 


hooded anode, therapy unit (improved method) 
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Fig. 8. Cerium and tantalum K-radiation thresholds for 
a four-valve, full-wave, line focus rotating anode unit 


The results obtained on the line-focus stationary anode 
tube (Fig. 6) show a smoother transition as the K-edge is 
passed through than those of any other machine yet examined 
and this has been apparent in the results obtained by other 
methods on this machine. This may be an indication that 
the voltage waveform is peaky and the current waveform flat- 
topped, with the result that the radiation which is produced 
at peak voltage is a small proportion of the whole. The 
converse would be the case if the voltage waveform was flat- 
topped and the current waveform was peaky. It would be 
inferred that a constant potential generator should give a 
sharper transition than a half- or full-wave generator, and 
the results which have been obtained on a constant potential 
generator (Fig. 9) certainly show very sharp transitions. (At 
the two points calibrated the indicated kilovoltage is about 
2kV less than the true voltage.) In general it would be 
expected that the transition would be sharp for an X-ray 
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beam having a steep rise in its spectral distribution curve at 
the short wavelength limit, since it is the radiation correspond- . 
ing to the shaded area of Fig. 10 that can produce character- ! 
istic radiation, this area being roughly proportional to 
(Ay. — Ao)? for small values of A, — Ap and the constant of | 
proportionality depending on the slope of the portion yA of . 
the spectral distribution curve. 
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Fig. 9. Tantalum and lead K-radiation thresholds for a 
constant potential, line focus, rotating anode unit 
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Fig. 10. Illustrating factors affecting the sharpness of 


transitions near K-absorption edges 


An additional advantage of this method over that relying 
solely on the detection of K-radiation is that readings need 
only be taken over about 10 kV (or even less) on either side. 
of the particular kilovoltage being calibrated, whereas the | 
latter method requires measurements over 15 to 20kV on 
either side of the K-edge. The former method, therefore, not 
only reduces the measurements required but makes possible | 
the checking of the voltage at points within 5 to 10 kV of 
the upper and lower limits of kilovoltage at which a machine 
may be operated. 


CALIBRATION POINTS AVAILABLE 


In theory, calibration points are available from the kilo-: 
voltage corresponding to the K-edge of the latest transuranic | 
element downwards. In practice, limitations are imposed 
by the rarity of some elements and the unsuitable form of 
others. A list of elements which might be of practical use 
either as element, salt or oxide is given in the table. It may 
be seen that there is a considerable gap between elements 
73 and 58 (kilovoltages of 67:6 and 40-5). All the elements: 
59 to 71 are rare earths which are difficult to obtain uncon-: 
taminated by others of neighbouring atomic numbers. 
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owever, Cerium is readily obtainable as the pure oxide and 
lrovides a convenient calibration point towards the lower 
md of the scale for machines which can be operated down to 
© or 35kV. While tantalum is suitable for checking an 


List of elements of possible use for kilovoltage calibrations 


At. No. Element Kilovoltage of K-edge 
92 Uranium 116-3 
90 Thorium 110-0 
83 Bismuth 90-7 
82 Lead 88-2 
81 Thallium 86:0 
} 80 Mercury 83:2 
79 Gold 80-9 
78 Platinum 78-6 
i 77 Tridium 76°5 
74 Tungsten 69-6 
73 _ Tantaium 67-6 
58 Cerium 40:5 
' 56 Barium BTA 
Sy) Tellurium 31-9 
50 Tin 29-3 
: 47 Silver 25-6 
46 Palladium 24-4 
| 42 Molybdenum 20-0 


stermediate voltage, the kilovoltage of the lead K-edge 
58-2) is unfortunately a little too high for many existing 
siagnostic X-ray generators (but not those likely to be 
nstalied in the future) since it is necessary to take readings 
mp to about 10 kV above the point being checked. 


THE MEASUREMENT OF KILOVOLTAGE AT 
HIGH TUBE CURRENTS 


tigh tube currents presents additional difficulties because of 
he short exposure times which can be permitted. However, 
hone of the techniques previously described are fundamentally 
i ffected by the use of high tube currents. In practice, it may 
ipe difficult to keep the ionization chambers working under 
aturation conditions, but any variation in the degree of 
laturation as the kilovoltage is increased should not obscure 
he transition being observed. Fig. 11 shows the calibration 
bf the tantalum point (67-6 kV) for a full-wave rectified unit 
't 6, 200 and 400 mA. It will be seen that the indicated 
tilovoltage is 14 kV high at 6 mA and 64 kV low at 400 mA, 
in overall change of 8 kV with milliamperage, showing that 
lhe unit has been appreciably overcompensated for voltage 
lrop under load. 

| Unfortunately, all these methods involve several measure- 
ments in the determination of any one kilovoltage. It is very 
jesirable in the complete voltage calibration of an X-ray 
| pparatus at several milliamperages, that the peak kilovoltage 
lt any nominal kilovoltage and milliamperage should be 
leterminable from a single measurement. Once the kilo- 
foltage calibration has been established at one particular 
inilliamperage it is possible to calibrate some function of 
Lilovoltage, such as the percentage of X-rays transmitted by 
in absorber, against kilovoltage at this milliamperage, and 
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subsequently to use the percentage X-ray transmission as a 
measure of kilovoltage at other milliamperages. This principle 
has been applied in deriving the results shown in Fig. 12. The 
ratio of the ionizations in two chambers, one of which was 
covered with 0:1 mm copper, has been plotted against the 
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Fig. 11. Calibration of tantalum point (67:6kV) at 


400, 200 and 6 mA on a four-valve, full-wave, line focus, 
rotating anode unit 


nominal kilovoltage for tube currents of 6, 200 and 400 mA. 
If the voltage drops at the various currents had been correctly 
compensated and there were no waveform changes, the 
curves for the three tube currents would have been coincident. 
In fact, the voltage drop at the high currents had been over- 
compensated, and for the same true kilovoltage, i.e. the same 
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Fig. 12. Variation of transmission through 0-1 mm 
copper with nominal kilovoltage at 400, 200 and 6mA 
on a four-valve, full-wave, line focus, rotating anode unit 


ionization ratio, the nominal kilovoltage at 400 mA had to 
be 74 kV less than that at 6 mA in the region of 60-70 kV, 
in good agreement with the value of 8 kV (see Fig. 11) found 
by the more direct method. 

It must be emphasized that this method, using a copper 
absorber, is really a measure of X-ray quality rather than a 
measure of true peak kilovoltage, and exact agreement with 
the method measuring kilovoltage can only be expected if 
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there are no waveform changes when the tube current is 
varied. In another case examined in detail it was found that 
the nominal kilovoltage was 6kV high at 3mA and 2kV 
low at 300mA, when using the true kilovoltage method. 
Thus while an 8 kV difference in nominal kilovoltage was 
required to give the same true peak value, it was found that 
a difference of only 4kV was needed to give the same 
“quality” reading, i.e. percentage transmission through a 
copper absorber. 

Some of the practical points involved in the copper absorber 
method of measuring kilovoltage warrant discussion. Fig. 12 
shows that over the greater part of the kilovoltage range the 
percentage transmitted varies by about 0:7 perkV. The 
ratio, therefore, needs to be accurately measured if the kilo- 
voltage is to be determined closely. The comparator 
described by Kemp;?) has been of great value for this 
purpose. 

The ionization chambers used must be of sufficient volume 
to collect an adequate charge during an exposure of 5 to 
10 sec when using screening currents at 40 kV, but at the same 
time must remain saturated when using 400 mA, say, at the 
maximum allowable kilovoltage. The dose rates to be dealt 
with thus cover a range of a few hundreds to one, and to 
achieve saturation with reasonable polarizing voltages at the 
maximum dose rates, chambers with plane parallel electrodes 
are necessary. The chambers used are illustrated in Fig. 13. 


spacing ring 


cable socket 


[acee aa] 
as \ 
clamping rings / 
Dag on film base 


O 5 lOcm 
| SA ee eae Poa ee ee ed 
Fig. 13. Type of ionization chamber used for measure- 


ments at high dose rates and short exposures 


The absorber used should have a large variation of 
absorption coefficient in the kilovoltage range to be investi- 
gated but should not have an absorption edge in this range. 
‘The thickness of absorber should be the maximum that will 
keep the ionization ratio within the range of the measuring 
instrument for all kilovoltages to be measured. This thickness 
will increase as the filtration of the X-ray beam is increased. 
A suitable absorber has been found to be 0:05 mm of copper 
for unfiltered beams in the 35 to 85 kV range, or 0-1 mm of 
copper for beams filtered by 2 mm aluminium, which is the 
filter normally inserted into machines used for radiography 
at this hospital. 


COMPARISON WITH TECHNIQUE OF 
‘*RADIOGRAPHIC CALIBRATION” , 


A method commonly adopted at present for determining 
the voltage drop occurring at a high tube current is to make 
a series of exposures all with the same milliampere-seconds of 
an aluminium step wedge placed on a film or film-screen 
combination. The first exposure is made at the required 
kilovoltage using a low tube current where the kilovoltage is 
known or assumed to be,correct. The others (probably three 
in number) are made at the high tube current and a series of 
nominal kilovoltages within the range of which the true 
kilovoltage is thought to lie. After development of the film 
the nominal kilovoltage required at the high milliamperage to 
produce the same blackening as for the low milliamperage 
may be assessed (using a densitometer if necessary) if this 
kilovoltage lies within the range for which exposures were 
made at the high milliamperage. 

This technique has the advantage that with the exception 
of the densitometer the apparatus required is extremely 
simple. As a photographic method of measurement is use 
to assess the conditions required in practice to produce ¢ 
given photographic effect, there is automatic compensatio 
for any reciprocity law failure that may occur when using 
screen-film combinations. 

(Morgan™) has examined reciprocity law failure for four 
X-ray films exposed with fluorescent screens. For exposures 
between 0-1 and 1-0 sec the speed varied, on the average, by 
only +5%, and reducing the exposure to 0-02 sec increased 
the variation in only one of the four cases. Betwee 
exposures of 1 and 10sec the speed fell by about 30%. 
Since in modern medical radiography exposures of I sec are 
rarely appreciably exceeded, it is concluded that reciprocity 
law failure is of little practical significance in the great) 
majority of cases, and it is for this majority that the kilo- 
voltage calibration should cater. With non-screen exposures) 
there is no reciprocity law failure.©) 

There is also compensation for any lack of proportionality 
between tube output and milliamperes. The disadvantage of 
the method is that it is tedious and time-consuming, necessi- 
tating many tube exposures and using an appreciable quantity 
of film. It is not known until after the films have been 
developed whether the correct kilovoltage setting has been 
included in the range over which exposures were made. 
Furthermore, the milliampere-seconds have to be accurately 
controlled. 

In contrast, the ionization chamber method described in 
the last section gives a direct reading of the kilovoltage once 
the ionization ratio has been plotted against kilovoltage at a 
low milliamperage, as would be done in an extended calibra-' 
tion. The method is therefore quick, few tube exposures are 
required, there are no extra expenses and the results are 
known immediately. Furthermore, since an ionization ratio 
is being measured it is not necessary to measure the exposures 
or control them accurately. The disadvantages of the method 
are that it requires more complex apparatus than the photo- 
graphic method, and does not allow for any lack of pro- 
portionality between tube output and milliamperes. 
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Elastic work involved in rolling a sphere on another surface 
By D. Tazor, Ph.D., The Laboratory for the Physics and Chemistry of Surfaces, University of Cambridge 
[Paper first received 25 May, and in final form 14 August, 1954] 


A theoretical calculation is made of the elastic work involved in rolling a ball over another 

surface. The analysis is based on Hertz’s equation for the static deformation of spherical 

surfaces since it is assumed that the additional stresses produced by rolling are small compared 

with those produced by the normal load. The results show that the work involved in rolling a 

sphere on a flat surface is substantially the same as that involved in rolling a sphere in a groove 

of almost the same curvature as the sphere. This conclusion is in line with certain previous 
work by the author on the rolling friction of steel spheres on rubber. 


ithe course of an investigation of the mechanism of rolling 
fiction in the elastic range“) it was found that differential 
D between the rolling surfaces?) could account for only 
yery small fraction of the rolling resistance. It seemed that 
ajor part of the resistance to rolling arose from elastic 
steresis losses and it was therefore necessary to caiculate 
» total amount of elastic energy involved in rolling. Cal- 
ations for cylindrical surfaces are not easy, but for spherical 
faces the Hertzian equations may be directly applied and 
elatively simple result is obtained. 


This is generally true. This 
Hans that we may assume the stresses and strains to be 
ostantially the same as those taking place under conditions 
static loading. The problem then simply becomes one of 
poulating from Hertz’s equations the elastic work done 
len one surface rolls over the other surface through unit 


p2ance. 


1. BALL ROLLING ON A FLAT 


Suppose the ball has a radius r,, Young’s modulus £; and 
pisson’s ratio o,, and the flat surface has a Young’s modulus 
: and Poisson’s ratio o>. Under a normal load W a circle 
contact of diameter 2a) is formed. The elastic work done 
forming such a circle of contact has already been described 
id has the value 


pnsider in the first instance a line of contiguous-stepped 
‘pressions of the ball. There are 1/(2a9) such impressions 
'r centimetre of track [Fig. 1(a)]. Then the elastic work 
) rolling per centimetre is simply 

3: We 
b= 7m gl (1) 
This is clearly an underestimate since between each 
Hividual indentation there are undeformed patches. 
iirther, both the amount of deformation and the normal 
fessure distribution in each indentation fall off from the 
intre to the edge, whereas in rolling, every portion of the 
Irface is ultimately subjected to the deformation and stress 
{curring across the central band [Fig. 1(b)]. It is indeed 
lident that the work done on the central band as it rolls 
ht its path is the true measure of the elastic work of rolling. 
je calculate the energy involved in forming the central band 
| any individual indentation in the following way. From 
ertz’s equations we determine the load supported by the 
intral band at some intermediate value W of the applied 
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load and then consider the incremental distance the surfaces 
sink together over this band as the load is increased by AW. 
The integral of the work done in this process up to the full 
load Wo gives the total elastic work expended in forming the 
central band of the full indentation. 


< lcm > 
SOeee 
(2) 
— lem 7 


(b) 
Rolling of a sphere over a flat surface producing 
an elastically deformed groove of width 2a 


Fig. 1. 


(a) Crude model assuming grooved track is composed of a 
series of contiguous circular impressions. 


(b) Model showing that every portion of the surface is ulti- 
mately subjected to the deformation across the central band. 


Load. Suppose when the applied load is W the circle of 
contact has radius a, the rolling direction being along the 
x-axis. Take the centre of the circle as the origin [Fig. 2(@)]. 
According to the Hertzian pressure distribution the normal 
pressure at any point Q on the y-axis is given by 


oe ey? 
P= P,(1 =) (2) 


where Po is the maximum pressure at the centre. For this 
pressure distribution Pp is $+ x (the mean pressure) so that 
Poe Wilma. 


3 W NG 
Hence P= 5) SA 7) (3) 


The total load w supported by this band of width dx is simply 


3 W 


nee dx (4) 


v= | Pavdy - 


a 


Distance of approach. We must now consider what 
happens when W is increased by dW. On the one hand the 
circle of contact grows by da and the band as a whole sinks in. 
Fortunately, the incremental distance by which the surfaces 
approach is everywhere constant. This follows because the 
common interface of contact is a sphere of constant radius 
whatever the load. It may be shown analytically in the 
following way. 


D. Tabor 


For a sphere resting on a flat, the element P originally on 
the flat [Fig. 2(b)] is depressed by a distance“) 


3 W 1—o2 e 
Bo pene fe in Paw) ep eS 5 
BA geEY OR aAH 35 (« 5) (>) 


The ball is compressed by a similar term 5, so that the load 
over the point P has descended a total distance 


n = 2, + 2X, 


3% poe -$) 


Since in the elastic deformation of spherical surfaces the 
circle of contact always has a radius proportional to W* we 


»/ 
W 
1 A 
i} 
e, 
i} inti 
7 ee 
I ; 
SIS «—2q—= 


(a) (b) 


Fig. 2. (a) Figure to illustrate calculation of load sup- 

ported across the central band of the circle of contact. 

(6) Elevation showing depression of a flat surface by a 
spherical surface 


may replace W/a> by W,/a@, the final values of these quantities. 
Hence 


W, e 

<3 f(E)( a? — 5) (©) 
ay 2 

If now W is increased by dW, we have 


W, 
an = a5; f{(E)ada (7) 
0 


Thus dy is independent of e and is constant everywhere. 


Work done. The work done on the central band as the 
total load increases from 0 to Wo is then obtained from 
equations (4) and (7) and is given by 


This work is the elastic energy over the width dx of the 
band. Consequently if every element is subjected to this 
deformation and stress the elastic work done per centimetre 
of rolling is simply 

OE x 


— 32 mi (9) 


This is nearly twice as great as the value given by the crude 
estimate in equation (1). 


2. SPHERE ROLLING IN A GROOVE 


Suppose a sphere of radius r, rolls in a straight groove of 
radius of curvature r,. An ellipse of contact is formed, the 
shape of which remains constant whatever the load. 


ass 3) aia 


For reasons similar to those discussed above, every elemen 
of the ellipse of contact sinks in by the same increment whet 
the load is increased by a small amount. If at load W thi 
major and minor axes are a and b respectively the overal 
distance by which the surfaces approach at the centre of thi 
ellipse of contact is given by 


n= 5 =f€) 


(10 
where K is an elliptic integral depending only on the ratio a/b 
If the final load Wo produces an ellipse of semi-major axis @ 
we again have 


Wy /a3 = Wa? di 
so that W/a in equation (10) may be replaced by (Wola). a 
Hence for an increment in load dW producing an incremen 
da in a, the incremental depth sunk at the centre and at al 
other points on the ellipse of contact is 


dn = ete —f (E)ada (2 


0 


Once again, therefore, we may calculate the elastic work don 
on a narrow band of width dx running across the centra 
major axis of the ellipse. 

According to Hertz the pressure distribution across th 
axis is the same as in equation (2) except that now Poy =| 
3W/27ab. 

The load w supported on this band, corresponding ti 
equation (4), is 

3W 
w ab dx 


3 Wy a3 
4 ab 


dx (13 
We use the identity a/b = ag/bo to eliminate 6. This gives — 
(13a 


The elastic work done on this strip as the total load increase 
from 0 to Wo, i.e. as the semi-major axis increases fron 
0 to ap is 


Hence again, if every element during rolling is subjected ti 
the deformation process occurring across the central banc 
the elastic work done per centimetre of rolling is 


Ss 1 gee 
COT aoa 


S(E)KS (14 
bo 


Note that for a circular instead of elliptical contact ag/by = 
and K = 7/2, so that this equation reduces to equation (9) 

The value of K depends only on the ratio ao/bp itself an 
this in turn depends only on the ratio of the groove or trac] 
radius r, to the ball radius r,. Consequently the value 0 
Kag/by may be expressed solely in terms of the ratio r,/r;, 
Some approximate values of these parameters and of th 
quantity m (see below) have been calculated and plotted ii 
nomogram form in Fig. 3. 


3. DEPENDENCE OF $ ON THE RATIO /#,/F; 


It should be borne in mind that for any given materials 
ay will also vary with the ratio r,/r, and it is of considerabl: 
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ferest to see how the resultant value of ¢ varies for different 
fues of this ratio. For convenience we shall therefore 
mpare the work ¢9 involved in rolling a ball on a flat 
(r, = 00) with the work ¢, involved in rolling the same ball 
der the same load in a groove. 


Pig. 3. Approximate values of various parameters 
fcabulated in scalar form. For any point on the r,/r, 
» scale the corresponding values of the other parameters 
tare obtained by drawing a horizontal line through the 


j ; : 
i given point 


We first calculate ¢,. For a sphere of radius r, resting in 
paroove of radius r,, the semi-major axis dy of the ellipse of 


ontact is given by the relation 


ay = m) WME) (= - yy) 


ere m is determined solely by the ratio r,/r,. 
quation (14) we have 


(15) 


| 
| 
| 
! 
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Inserting in 


ag 


9 WILE KG 


ae £0 me Sia 
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Ve may at once use this to determine ho by noting that for 
\ball rolling on a flat r, = 00, Kag/by = 7/2 and m = 1 


(16) 


_ 9 WABLLB (23 
bo 16 20) ) (17) 
he eee -V/@) 


- ig seen that m and Kap/by depend only on the ratio r,/rp 
bee Fig. 3) so that b,/b0 also depends only on this ratio. 
betailed calculation shows that for r,/r, ranging from 
1-04 to co, the ratio ¢,/¢y ranges from 0:96 to 1°0. This 
means that the elastic work of rolling is almost the same 
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Elastic work involved in rolling a sphere on another surface 


whether the sphere rolls on a flat or in a groove of almost 
the same curvature. 

The physical reason for this striking result is clear in terms 
of the rough picture described above. When a ball rolls in 
a groove of almost its own curvature the ellipse of contact 
is an extremely narrow one.. The elastic work done in 
forming any individual ellipse of contact is small but the 
number of ellipses per centimetre of path is large. In contrast, 
a sphere resting on a flat makes a circle of contact. The 
elastic work done in forming such an impression is relatively 
large but a small number of circles is required per centimetre 
of path. As a result the work done in both cases is sub- 
stantially the same. We may therefore use equation (17) to 
calculate the work of rolling a sphere of radius r, over a 
surface without specifying in detail the shape of the groove 
involyed. The result is 


§ = 0-34WESLFE)IrB1 


This relation has been examined for steel spheres rolling on 
rubber surfaces. Cyclic loading and unloading experiments 
show that the hysteresis losses in the rubber are independent 
of the magnitude of the deformation but dependent on the 
speed of deformation. For constant speeds of deformation 
the losses in the rubber during rolling, according to equation 
(19), should therefore be proportional to W4l3_ If we assume 
losses in the steel to be negligible it follows that the rolling 
force should be proportional to W4/3._ Experiments with steel 
spheres rolling on flat rubber surfaces showed that this is 
indeed so.) Similar experiments for balls rolling in grooves 
machined in the rubber surface gave substantially the same 
results, except for very deep grooves where there was 
evidence of a slip component similar to that originally sug- 
gested by Heathcote.©) Finally, the rolling experiments 
were carried out on two types of rubber of the same Young’s 
modulus but of widely differing hysteresis losses.) The 
observed frictional values agree with the calculated elastic 
energy values [equation (19)] if hysteresis loss factors of 
12% for one rubber and 1:3% for the other are assumed. 
Direct determination of the hysteresis losses under cyclic 
normal loading gave values of 11% and 1°4% respectively. 
The agreement is very satisfactory. A recent investigation 
shows that similar considerations apply in the rolling of 
spheres on metal surfaces. This will be discussed in greater 
detail elsewhere. 


(19)* 
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Role of partition coefficient in permeability of surface layers with lov 
diffusion coefficient | 
By G. R. Lester, Ph.D., A.Inst.P., Imperial Chemical Industries Ltd., Blackley, Manchester 
[Paper received 2 November, 1954] 


Diffusion through a surface film into an underlying layer is examined using Laplace transforma- 

tion. An important characteristic of the process is the rate at which equilibrium concentrations 

are attained, and in certain cases this is simply related to the diffusion coefficient of the film and 
the partition coefficient at the interface. 


For a number of technical applications it is required to specify D* = D, and the diffusion process will be regarded as On«) 
the rate of diffusion of matter through a surface film into an dimensional. Then, if 6 denotes concentration of solute, | 


underlying receiving layer. The effective permeability of the D(d20/dx2) = dO/dt 
combination will clearly depend on the thicknesses of the ze | 
layers, their diffusion coefficients and the partition coefficient By standard methods, the Laplace transforms for th| 


at the interface; general formulae in the form of infinite respective layers have the following forms 
series are derived relating the varying concentrations to these tr 

properties of the layers. As a particular case it may be 6; = A cosh /(s/D*)x (0 <x <a) 
supposed that the diffusion coefficient in the receiving layer 8, = B coshy/(s/D)x + C sinhy/(s/D)x, (a < x <a + b| 
is many times greater than that of the surface film, the con- = 
centration of diffusing substance levelling up virtually and the boundary conditions are expressed as follows: 
instantaneously after penetrating the film. The main purpose 3 i ‘ i 
of this paper is to draw attention to the particular significance KA sinhy/(s/D*)a = Bsinhy/(s/D)a + C coshy’ GID ; 
for this case of the partition coefficient at the interface between A coshy/(s/D*)a = R[B coshy/(s/D)a + C sinhy/(s/D)a] } 
the layers, since the rate of attainment of equilibrium is then d/s = Bcoshy/(s/D)(a + b) + C sinhy/(s/D)(a + b) 
found to be equally dependent on this factor and on the : aa 
diffusion coefficient in the film. The formulae obtained where k = \/(D*/D) and ¢ is the fixed concentration in th! 
suggest that the ratio of these quantities is the appropriate film atx =a +6. 


physical variable to specify the effective permeability, where By the inversion theorem 

this is measured with regard to the rate of attaining 1 GERI ae 

equilibrium. (es = exp (st)0.ds 
The mathematical derivation of the required relationship 2m Pig 


follows the standard procedure for discussing the diffusion : 
equation, consequently only outlines of the derivation will and the poles of the integrand are at s = 0 and where A(s) = 
be given here. (See especially Carslaw and Jaegert where A(s) being the determinant formed by the coefficients ¢ 


some related problems in heat conduction are discussed in 4, B, C in the set of simultaneous equations. 
It then follows that 


oe ral 4y RS aa (— De2t/b?).cos (qe,,x/a) | \ 
an HX (1 + KRY + q) sin [o,(1 +q)] + @ — KRY — q) sin [o,(1 — @)]} 
exp (— Do2t/b?).cos ga,.sin [«,(a + b — x)/b] 
A, = at Ae) H 
wn ot, Sin a 4(1 + KR) +4) sin [o,(1 + @)] + (1 — KRY — g)sin [x1 — @)]} 


; pase where q = a/bk = a/bv\/(D/D*). 
detail.) In the present case the boundary conditions are as Now since we are supposing that D*-> oo, this implie 
follows: that g-+0 and 6, is independent of x. Moreover, th 

(1) no flow across a plane at x —0 (ie. impermeable equation to determine the set of values «, may then b 

substrate): simplified to «tana = b/aR, and only the smallest roc 

[«, ~ +/(b/aR)] need be included in the summation for th 

other terms are relatively negligible on account of the small 
ness of the exponential factors. : 


(2) flow continuous at x =a, the interface between the 
diffusing layers; 


(3) the ratio of concentration at x =a~ to the concen- 


tration at x =a is a constant R, the partition Denoting by / the ratio: 
coefficient ; cal th Biel : 

(4) concentration at x = a + b is constant and determined : omous Oh Soe ene P Srea Die eves has 
by that in the reservoir: equilibrium amount of solute in the permeable layer (t—> oo: 


(5) initially, concentrations are everywhere zero in the 


aan after algebraic simplification one obtains 
diffusing layers. 


D/R = ab/tlog, [1/A — 
In the receiving layer and the surface film the diffusion /#loge [1K f)| 
coefficients will be denoted by D* and D respectively where The time ¢* at which, say, 50°% of the final solute uptake ha 
occurred is consequently given by 


Tt CarsLaw, H. S., and JAEGER, J. C. Conduction of Heat in 
Solids (London: Oxford University Press, 1950). t* = ab. R/D.log, 2 
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lince this time specifies in a convenient way for many pur- 
Hoses the overall permeability of the film it follows that the 
atio D/R is the appropriate physical magnitude to specify 
his permeability for given materials. It should be noted, 
jowever, that the mean rate of diffusion into the receiving 


1-4 to 1, with an error not greater than +2% 


Froblems associated with the sedimentation of single particles 
ere characterized by considerable theoretical and experimental 
Kifficulties, particularly when the fall of irregularly-shaped 
rodies is considered. With the exception of spheres, for 
which reliable information is available, the majority of 
articles investigated have been irregular in form, presumably 
ecause of the difficulties involved in producing accurate 
-omplex shapes. Shultz,“) Pernolet®) and Schmiedel,@ 
-owever, have investigated the sedimentation of a number of 
hapes in the region of turbulent flow. Pettyjohn and 
christiansen® made careful measurements of the settling 
tate of a number of well-defined, isometric bodies in the 
Legion of streamline flow and showed that Stokes’ law could 
} e extended to cover non-spherical particles by using 
adell’s©) concept of sphericity. They concluded that the 
4erminal speed v; of such a body under these conditions was 
ziven by 


Ho, 


0-843 log b(p, — pid? 
0-065 x 187 


where ob = (surface area of sphere having same volume as 
particle)/(surface area of particle) 


()) 


i 


pp, = density of particle 

p; = density of liquid 

d, = diameter of a sphere having the same volume as 
the particle 

7 = viscosity of the liquid. 


| Recently Kunkel has investigated the magnitude of errors 
introduced by calculating the settling rate of dust particies 
Ifrom Stokes’ law. The present investigations were undertaken 
Ito obtain basic data on the sedimentation of single compact 
iparticles as a basis for studying the effect of asymmetry and 


Parts 1 and 2 of this paper, ‘“‘The viscosity of suspensions of 
spherical particles” and ‘‘The viscosity and sedimentation of 
Jsuspensions of rough powders,”’ were published on pp. 286 and 
'325 of Volume 1 (1950) of this Journal. 

+ Now at the University of Nottingham. 
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layer remains independent of R, for in time ¢* the amount 
of solute absorbed is clearly +Rad, and consequently the 
mean rate of diffusion during this period = Dd/2b log,2. 
The derivation assumes, of course, that D* is very large 
so that g = (a/b)\/(D/D*) is sufficiently small. 


Studies of the viscosity and sedimentation of suspensions 
Part 3.—The sedimentation of isometric and compact particles} 


By S. GureL, B.Sc., Ph.D., Prof. S. G. Warp, M.Sc., Ph.D., D.I.C., and R. L. Warrmore, B.Sc., Ph.D., A.Inst.P.,¢ 
Department of Mining, University of Birmingham 


[Paper first received 16 May, 1952, and in final form 8 November, 1954] 


Series of experiments on the sedimentation of a variety of isometrically-shaped bodies are 
described and it is shown that the resistance to motion R, of a body moving with velocity v, in 
an infinite extent of fluid in the region of streamline flow is given by 


R = vy Ky/(surface area of body), 
where 77 is the viscosity of the fluid and K a shape facior of the particle which varies from </7 


for spheres to 4/2°92 for tetrahedra. By using a value of 4/3 for K the equation may be 
applied to isometric and other compact shapes, where the axial ratio does not exceed about 


A more accurate, but less easily applied, empirical relationship for the settling rate of compact 
bodies is also given and an equation which satisfies the interference effects of the walls of a 
sedimentation vessel upon a falling body is developed experimentally. 


surface roughness upon the settling rate of single particles and 
suspensions in the region of streamline flow. 


EXPERIMENTAL 


The first experiments were made with cubes milled from 
polystyrene sheet and ground to exact size on a glass plate 
using abrasive materials of increasing fineness and softness. 
Fourteen were made; their dimensions (see Table 1), which 


Table 1. Properties of experimental cubes 
Length of side 

Calculated 

Method of Hand Travelling from weight 

Cube colour  grinding* Density micrometer microscope and density 

(g/ml.) (cm) (cm) (cm) 

Red H 1-0520 0-984 0-984 0-980 
Light Green H 1-0520 0-983 0-982 OF 
Dark Green H 1-0522 0-993 0-993 0-988 
Blue A 1-052] 0-978 0-978 0:972 
Brown M 1-0516 0-995 0-995 0-994 
Orange A 1-0522 0-987 0-988 0-978 
Yellow A 1-0523 0-832 0-830 0-824 
White | A 1-0524 0-998 0-994 0-989 
White 2 M i O522 0-978 — 0-978 
White 3 M 1 -0522 0-371 — 0-370 
White 4 M 1-0523 Moisi — 0-149 
Colourless | H 1-0522 0-985 0-978 0-978 
Colourless 2 M 1-0522 0-980 — 0-980 
Colourless 3. H 1-0518 0-507 _ 0-503 


* H = hand ground; M = mechanically ground. 

ranged from 1-0 to 0-15 cm sides, were measured directly 
with a travelling microscope and a hand micrometer and were 
also calculated from density and weight determinations. The 
latter measurements were considered to give the more reliable 
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values and were used in the subsequent calculations. The 
side-lengths of the hand-ground cubes varied by less than 
0-7°% and those of the mechanically-ground particles by less 
than 0-1 °%. 

The sedimentation tank consisted of a cylindrical glass 
vessel 30-2 cm diameter and 46cm high. Four open-ended 
glass cylinders of diameters 6°22, 8:04, 15:5 and 21:7cm 
could be inserted axially in the tank, in order to alter the 
wall effect on the settling bodies. A few experiments were 
made also in vessels of 3:20 and 2:49 cm diameter, in which 
the wall effect was considerable. The tank was immersed in 
a water-bath, thermostatically controlled at 20° C + 0:0S5°. 
Six mercury-in-glass thermometers capable of being read 
to 0:02° C showed no measurable temperature fluctuations 
during two days’ observations when immersed at various 
depths and positions in the liquid. The sedimentation liquid 
was B.P. quality castor oil which had a viscosity of 9-86 P 
when measured in N.P.L.-calibrated Ostwald tubes used in 
accordance with B.S. Specification 188-1937. A pyknometer 
determination of density of the castor oil gave a value of 
0:9615 g/ml. 

The dropping apparatus allowed the cubes to be introduced 
into the sedimentation tank without removing the lid and to 
be released from below the level of the castor oil at any 
desired orientation after they had attained the temperature of 
the oil. Preliminary experiments showed that the particle 
had to fall at least ten diameters before constant velocity was 
attained and that retardation began when it was four to five 
diameters from the base of the vessel. The particles were 
viewed through a travelling microscope and timed over a 
distance of 17-0cm in the middle of their fall to within 


0-002 cm, with a stop-watch which could be read to O-ls. , 


The Reynolds number did not exceed 0-07 in any experiment. 
The settling rate of each particle was measured at least five 
times and the arithmetic mean value was used for subsequent 
_ calculations. 


RESULTS 


The work of Stokes) and others has shown that the 
resistance to motion of a body moving under conditions of 
streamline flow is proportional to its linear dimensions, its 
velocity and the viscosity of the surrounding medium. For 
cubes, Pettyjohn and Christiansen“) showed that the pro- 
portionality constant was about 12:7. For spheres, the 
proportionality constant is 18 when sphere diameter is used 
as the linear dimension in Stokes’ equation. Assuming a 
value of 18, the settling velocity v. of cubes should be given 
by the equation 


X% = [2(p. — ppg]/18 (1) 


where /, = length of side of cube 
p. = density of cube 
py — density of liquid 
7 = viscosity of liquid. 


The settling velocity of each cube in each vessel was cal- 
culated from this equation (Table 2) and if the value of 18 
selected for the constant had been correctly chosen, the 
calculated settling velocities would have equalled the 
measured velocities corrected to an infinite expanse of liquid. 
In Fig. | the ratio //D of the length /, of the side of each 
cube to the diameter D, of the sedimentation vessel is plotted 
against the ratio v,,/v. where v,, is the measured and v, the 
calculated settling velocity. The extrapolated line intersects 
the velocity axis at a value of 1-418; if the correct value for 
the proportionality constant had been selected the line should 


Vessel 


diameter 


(cm) 


afr! 


8-04 


6°22 


3:20 
2-49 


Table 2. Sedimentation of cubes. 


Cube colour 


Red 

Light Green 
Dark Green 
Blue 

Brown 


Orange 
Yellow 
White | 
White 3 
Colourless i 
Colourless 3 


Yellow 
White 2 
White 3 
White 4 
Colourless 2 
Colourless 3 


Yellow 
White 2 
White 3 
White 4 
Colourless 2 
Colourless 3 


Red 

Light Green 
Dark Green 
Blue 
Orange 


Yellow 
White | 
White 2 
White 3 
White 4 


Colourless | 
Colourless 2 
Colourless 3 


Red 

Dark Green 
Blue 
Orange 
Yellow 


White | 
White 3 
White 4 
Colourless 1 
Colourless 3 


Colourless 2 


Colourless 2 


Ratio 
(.{D 


0:0324 
0-0324 
0:0327 
00322 
0-0329 


0324 
-0273 
0327 
-0122 
0324 
‘0166 


“0380 
“0451 
‘0170 
“0069 
0452 
0232 


0532 
0631 
0239 
0096 
0633 
0324 


1218 
1216 
1229 
1210 
1216 


1024 
1230 
“1216 
0460 
-O185 


-1216 
1218 
0626 


STS 
1588 
1563 
1572 
1324 


S92 
0595 
0239 
salty 
“0809 


306 
0-393 


ee SO ORO St, SONS OPO. ClO 1S ROO OS OO CNS SO S10 SS WSS OS S15. 


Average* 


observed equation (1) 


velocity Um 
(cm/s) 
-634 
638 
-655 
-637 
+652 


638 
447 
658 
0938 
640 
173 


432 
598 
“0924 
“0154 
Sey) 
168 


413 
567 
0906 
O153 
568 
165 


463 
463 
469 
47) 
465 


352 
480 
465 
“085 
“0149 


469 
466 
Oy IaH 


422 
-426 
“417 
426 
328 
429 
‘0816 
0148 
427 
“141 


SOS SIP OOS CON OS® Otis, Or On (OO SSS OO SISOS On Oo OOO 1S SSO S1S. Oulo CIS Ol 


“213 
0-137 


Velocity 
calculated 
from 
Ve 
(cm/s) 
0-480 
0-479 
0-489 
0-472 
0-491 


0-479 
0-340 
0-491 
0-0687 
0-479 
0-126 


0-340 
0-479 
0-0687 
0-O111 
0-481 
0-126 


0-340 
0-479 
0:0687 
0-O0111 
0-481 
0-126 


0-480 
0-479 
0-489 
0-472 
0-479 


0-340 
0-49] 
0-479 
0:0687 
0-O111 


0-479 
0-481 
0-126 


0-480 
0-489 


" 0:472 


0-479 
0-340 


0-491 
0-0687 
0-O111 
0-479 
0-126 


0-481 
0-481 


* Mean of not less than five determinations. 
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Ratio 
Um|Ve 


32g 


350 


248 


304 
133 


2318 
“352 
“181 


-967 


998 


-O7 ks 
-O3 55m 


‘OTF 


“23h 


-342 


0: 979 
0-969 
1-199 


871 
883 
889 
965 


188 
"333 
-892 
Ts 


0-443 
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3329 
-339% 
-327m 


-332 

314 
340 
-365% 
-337— 
373 


271m 


345 
378 


214 | 
184 


309 
965 


0 
0 
00-9593) 
0 
0 


i 
0 
0: 971m 
i 
I 


{ 


*879 


“874 


0: 285a 
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ss through the point 1-0, 0-0 where the calculated and the 
xtrapolated settling velocities should be identical. By 
justing the value of the proportionality constant to the 


lue 18-0/1-418 the correct proportionality constant 12:7 
| obtained. 
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© Ol O-2 O:3 O-4 
length of cube 2 
REuC diameter of vessel D 
Fig. 1. Relationship between ratio //D and v,,/v. 


| Accordingly the resistance to motion R of a cube is given by 
R= 12-7v.ml, (2) 


An empirical equation was developed to fit the line relating 
ne ratio W of the observed settling rate to that calculated for 
<itling in an infinite expanse of liquid from equation (2), to 
he diameter D, of the vessel. The best fit was given by 
W =1 — 2-6€0(V2D) + 4-0(V/D3) 


vhere V = volume of the cube. 


(3) 


Table 3. Sedimentation of isometric and other bodies 


0-596 cm; density = = 1-1065 g/ml. 


= 0-785 ml; diameter = 1-00 cm; 


_ube-octahedron: volume = 0-839 ml; length of side = 
L volume = 


| ylinder: 


length = 1-00 cm. 
Prism: volume = 0-225 ml; length = 1-00 cm; 
P breadth and height = 0-475 cm. 
Disk: volume = 0-024 ml; diameter = 
0-422 cm; thickness = 0-172 cm: 
Observed Wall Corrected 
Vessel settling correction settling 
Shape diameter velocity factor velocity 
| (cm) (cm/s) (cm/s) 
(Cube-octahedron 6:22 0:506 0-618 0-819 
8-04 0-574 0-700 0-820 
Soi 0-695 0-842 0-825 
(Cylinder S277 IRA ESE) 0:627 0-853 
8-04 0-602 0-707 0-851 
15,51 0-727 0-847 0-858 
30-20 0-787 0-920 0-855 
Prism 6-22 0-331 0-745 0-444 
8-04 0-385 0-803 0-446 
Ses 0-403 0-898 0-449 
Disk On22 0-074 0-879 0-084 
8-04 0-076 0-907 0-084 
ESSit 0-080 0-952 0-084 
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Part 3.—The sedimentation of isometric and compact particles 


At dimension ratios below 8 to 1 an additional term 
—2-0 (V>/3/D5) was found necessary, the final equation 
giving the wall effect of a cube with one face horizontal, to 
an accuracy within about +2°% at dimension-ratios exceeding 
3 to 1. When the ratio exceeds 10 to 1 the accuracy is 
believed to be within +0°5%. The equation is similar in 
form to that of Faxen for spheres [see Barr®)] but it may 
be slightly more accurate than his equation at dimension- 
ratios below 5 to 1. 

The validity of the equation was tested on an isometric 
body (cube-octahedron) and three non-isometric bodies 
(cylinder, prism and disk). The bodies were allowed to 
sediment in vessels of different diameters and their settling 
velocities in an infinite expanse of liquid calculated from 
equation (3) with the additional term. Where the diameter 
of the vessel was sufficiently small for orientation to affect 
the falling speed, measurements were taken only with the 
largest face of the body horizontal. The results are shown 
in Table 3; the corrected values obtained from the different 
vessels vary by less than 2°%. 

The density p,, of the cube-octahedron was 1-049 g/ml. 
and its sedimentation rate was given by the equation: 


oe [2(Peo a pig l/6- 89 Uf 
= length of the side of the cube-octahedron. 


(4) 


Veo 


where /., 


DISCUSSION 


The resistance R to motion of a body moving through a 
medium under condition of streamline flow is given by 


R = K\lvy (5) 
where K, = constant (shape factor) 
! = a linear dimension of the body 
v = velocity of the body 
7 = viscosity of the medium. 
For spheres 
R, = 37d0y (6) 


where d= diameter of the sphere, and 
v, = velocity of the sphere. 


For other isometric bodies the length of the side of the 
particle may be used instead of d and the following values 
of the constant K, for certain isometric shapes would be 
obtained: 

Pettyjohn and 


Shape Christiansen(4) Present work 
Cube octahedron 6:86 6:9 
Octahedron 20°55 — 
Cube 12:69 Dey 
Tetrahedron SCA! — 


Other dimensions than the length of the side of the body 
may be used in equation (5) if a different value of Kj, is 
employed. For example, the perimeter of the projected area, 
the square root of the projected cross-sectional area of the 
particle when falling, the cube root of the volume or the 
square root of the surface area could be used. 

From the work of Kunkel® it appears that the last 
mentioned may be the most significant. The resistance to 


motion may then be written 
R = Ky/(surface area) v7 (7). 


where K is a constant. 


S. Gurel, S. G. Ward and R. L. Whitmore ; q 


Equation (6) for a sphere may be rewritten 


R 


> = Wr (surface area) v7 (8) 


and the values for K for other isometric shapes would be 


Pettyjohn and 


Shape Christiansen(4) Present work 
Sphere 0/ tr 0/11 
Cube-octahedron ¥/3-05 °/3-08 
Octahedron v/3-03 
Cube ~/2-98 */3 +05 
Tetrahedron v/2°92 


Thus if a value of K = ¥/3:00 were substituted in 
equation (7) it would satisfy the resistance to motion of all 
isometric shapes to within about 4° assuming that all inter- 
mediate isometric shapes had resistances between those of a 
sphere (highest order of symmetry) and a tetrahedron (lowest 


were made in a vessel of 6:22 cm diameter to confirm this 
hypothesis. Fi 

The rate of sedimentation of a sphere 1-3 cm in diameter 
was measured. Six small equal caps were removed from it, 
in cube form, and the rate of fall retimed. The caps were 
progressively enlarged, the rate of fall being determined after 
each enlargement, until a cube, inscribed in the original sphere, 
was obtained. It was found, as indicated in Table 4, that 
the settling velocity of the shapes intermediate between the 
sphere and its inscribed cube, after correction for wall effect, 
and allowing for the loss in weight of the body resulting from 
the removal of the caps, showed a close proportionality to. 
square root of the surface area (compare last two columns). 

The settling rate of a cube of 1-0 cm side was also measured. 
and then prisms were removed from four parallel edges to. 
leave a prism with a polygonal base. Further prisms were. 
gradually removed in a symmetrical manner to yield forms 
which were compact but not isometric until finally a cylinder, 


order of symmetry), as the above table suggests. Experiments inscribed in the original cube, was obtained. The settling 
Table 4. Effect of change of shape from sphere to cube on settling velocity i 
Ratio accel- » 
epee Surface area hen ees nse WA 0 (shape) / S.A. sphere : 
Shape Weight to gravity (A) (S.A.) velocity (v) factor (W) (v1) v1 (sphere) S.A. shape 
(g) (cm2) (cm/s) (cm/s) | 
Sphere 1-2502 0-1059 5-437 0-675 0575 11-10 1-000 1-000 a 
1-1714 0-1017 5-314 0-659 0-583 ey 1-002 1-011 
1-1181 0:0965 > 23 0-633 0-589 11-14 1-004 1-019 
1 -0832 0:0936 SSG 0-625 0-593 Eee?! 1-015 1-025 
| 0-8720 0:0735 4-834 O53 0-621 Ei e7/3/ 1-061 1-060 
. 0-7130 0-0598 4-564 0:466 . 0-642 12-14 1-093 1-091 
0-6074 0-0508 4-377 0-420 0-659 12-54 1-130 Ee 
Cube 0:-4670 0:0395 3-464 0-387 0-689 14-41 1-283 $2253 
Table 5. Effect of change of shape from cube to cylinder on settling velocity 
Ratio accelera- v 
Jones due rs Surface area ST ukines ee WA 01 (shape) 4/ S.A. cube 
Shape Weight gravity (A) (S.A.) velocity (v) factor (W) (v1) v1 (cube) S.A, shape 
(g) (cm2) (cm/s) (cm/s) 
Cube 1-0816 0-1160 6-029 0-740 0-597 10-68 1-000 1-000 
1-0174 0-1107 5-467 0-741 0-605 11-06 1-035 1-049 
| 0:9587 0-1053 5-240 0-737 0-612 11-44 1-071 1-071 
0-9181 0-1017 5-108 0-721 0-616 ESS S| 1-076 1-085 
bs 0-8932 0-0996 4-967 0-733 0-619 11-90 1-114 1-100 
0-8707 0:0976 4-830 0-730 0-621 12-05 1-128 1-116 
Cylinder 0-8623 0-0966 4-729 0-743 0-624 12233 1-154 1-128 
Table 6. Effect of deviation from compactness on settling velocity of a body 
(Compactness reduced by removing slices of the original cube parallel to one face.) . 
Ratio goteleras A 
Foes due x Surface area ees Laer WA 21 (shape) 4/ S.A. cube 
Shape Weight gravity (A) S.A.) velocity (7) factor (W) (v7) 01 (cube) S.A. shape 
(g) (cm2) (cm/s) (cm/s) : 
Cube 0-9930 0:0538 5-917 0-343 0-599 10-65 1-000 1-000 
compactness 0:9341 0:0487 5-687 0-318 0-606 10-78 1-012 1-020 
being 0:9143 0:0470 5-611 0-309 0-609 10-80 1-014 1-027 
reduced 0-8932 0-0452 5-530 0-300 0-612 10-85 1-019 1-034 
0:8549 0:0419 5-383 0-282 0-617 10-91 1-024 1-048 
| 0:8422 0-0408 2339 0-276 0-618 10-95 1-028 1-053 
| 0-7940 0-0367 5-150 0-255 0-625 Ii bes 2 1-044 1-072 
| 0- 7690 0-0346 5-054 0-242 0-629 fe eal v2 1-044 1-085 
0-7458 0:0325 4-965 0-230 0-632 11-20 1-052 1-092 
0-7125 0:0297 4-837 0-214 0-637 esi 1-062 1-106 
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Rte of the body was measured after each alteration in shape 
Id it was again found, as shown in Table 5, that the settling 
ocity, corrected for the effect of the walls, was very nearly 
oportional to the square root of the surface area, after 
lowing for the reduction in weight caused by removal of 
= prisms. 

Tn another series of experiments a cube of side 1-0 cm was 
tered in shape by removing, in stages, thin slices parallel 
| one face so that the height of one axis was ultimately 
duced to two-thirds of its original value. The settling 
jlocity, corrected for the wall effect, was determined at each 
(age in order to ascertain the variation of K with decreasing 
The results, as shown in Table 6, show that 
ren for the final stage the change in value of K was only 


R = ¥/3-00,/(surface area) vy (9) 


# applicable to the resistance to motion of isometric particles 
nd other bodies to an accuracy of within about 4°% providing 
t ey are compact in shape. 

| If values of K are plotted against values of 8 where 


| 6 = +/(surface area of particle)/~/(volume of particle) 
ime, shown in Fig. 2, is obtained having the equation 
K = 3(2:067 — 0- 1366) 


Hi values of K lie within +0-5 % Of the line. 


(10) 


54 

Z 

5 53 

0 

cS 

o 

es 

252 

A) 
5 sis 
(A SAS DO Sinsle af a SY ed dee as) 

B=v(surface area)/3/(volume) 


| Fig. 2. Relationship between shape factor K and ratio 
6 = +/(surface area of particle)/¥/(volume of particle) 


Equation (9) may then be rewritten 


a1) 


rhich will give, to within +0-5%, the resistance to motion, 
h the streamline region of flow in an infinite expanse of 
\quid, of any smooth isometric shape and of other compact 
apes the axial ratio of which does not exceed approximately 


R = 3(2-067 — 0-1368)/(surface area) vy 
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CONCLUSIONS 


The settling velocity v, of any compact isometric particle, 
falling under conditions of streamline flow in an infinite 
liquid medium, can be calculated to within an accuracy of 
+2% from the equation 


V (pp = Pug 
V/3-00V/(S,)q 
where V,, = volume of particle 

Pp = density of particle 
p, = density of liquid 
S', = surface area of particle. 


(12) 


0) 2 


The corresponding sedimentation velocity v, in a vessel of 
diameter D is given by: 


Vil3 V 
lee -Pve(1 2-60-2- +4-0 +8 
[¥/3-00\/(S,)7] 


Because of its simplicity, equation (12) should be of 
assistance in calculating the sedimentation velocity of 
irregularly-shaped bodies. 

It also appears that any deviation from isometry of a 
particle does not have a marked effect upon its falling speed 
under conditions of laminar flow until an axial ratio exceeding 
about 1-4 to | is attained. This is of considerable practical 
importance since perfectly isometric particles are seldom met 
in practice. 

The limits of accuracy of the equations can be improved 
to +0°5°% by substituting in equations (12) and (13) the 
value (2:067-0-136f) for ./3-00 where 


6S yt/2 
cS TALE 


Opie 
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The resistance of an elliptic plate 4 


By E. E. Jones, B.Sc., Ph.D., University of Nottingham 


[Paper first received 22 June, and in final form 20 July, 1954] 


The resistance of a thin conducting plate, with an elliptic contour, is determined (i) when the 
current enters the plate at an internal electrode and flows out at the circumference of the plate, 
and (ii) when the current enters and leaves the plate at two internal electrodes. The formulae 


for the resistance are in the form of infinite series, capable of numerical evaluation to any degree 
of approximation. Examples are considered for both the current distributions. 


1. INTRODUCTION 


The resistance of an electrode system in the form of a circular 
conducting disk with internal electrodes of circular cross- 
section has been determined by Awbery,“!) and in the form 
of a rectangular conducting plate with its contour as one 
electrode and with an internal electrode of circular cross- 
section by Daymond.®) The electrode system discussed here 
is that of an elliptic plate, with either two or more internal 
electrodes, or one internal electrode and one electrode 
coinciding with the contour of the plate. The _ internal 
electrodes in each case are of circular cross-section, with 
small radius compared with the dimensions of the plate. 
Electrode systems such as these have wide application as 
follows. 

(i) In geophysical survey where it is of importance to 
measure the resistivity of geological formations. This is done 
by supplying electrical energy to the ground or to samples 
by means of small electrodes, and the change in the resistance 
for various positions of the electrodes is measured either 
directly or by investigating the distribution of potential 
throughout the formation.©) 

(ii) In vacuum tube electrode systems, e.g. a diode formed 
by an anode of elliptic section, and a cathode situated inside 
it. The relation between the anode voltage and the anode 
current is then important. An extension of the results is also 
possible to include grid systems, with wires assumed running 
parallel to the cathode. 

(iii) In cables formed by sheathed conducting cores; the 
resistance in this case measures the leak resistance of the cable. 

(iv) With a change in nomenclature, the results may be 
used to deduce the flux of viscous fluid flowing according to 
Darcy’s law into a well of small bore, the outer boundary, 
which is in the form of an ellipse, being acted upon by constant 
fluid pressure.“) An extension is also possible to multiple 
well systems. 

The elliptic plate is assumed to be a right section of an 
infinite cylinder of elliptic section, with semi-major axis uw, 
and semi-minor axis v. The line joining the foci of the ellipse 
has length 4c, so that 4c? = u* — v*. Axes Ox, Oy define 
the z-plane, with origin O at the centre of the ellipse and axes 
Ox, Oy along the semi-major and semi-minor axes respec- 
tively. The region between the ellipse and the line of foci 
in the z-plane is mapped on to the annulus enclosed by the 
two circles |¢| = 1 and || = 1/t, (¢ > 1), in the ¢-plane, by 
the transformation 


(ae UIE iis (1) 


where z = x + iy, and t? =(u+v)/(u —v). It is noticed 
that the contour of the ellipse maps on to the circle |¢| = 1, 
and that the two sides of the line of foci of the ellipse map on 
to the circle |¢| = 1/r. 

When a line electrode exists at the point z = zp in the 
z-plane, the corresponding position in the ¢-plane is € = Co, 
where 1/t < || <1. If ¢ is the field potential and ¢ is the 
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stream function, then a complex potential w = ¢ + ib car 
be determined in the ¢-plane (c.f. Rosenhead,“) who deduce, 
a complex potential in terms of elliptic functions). If J i 
the current leaving the electrode, and d is the thickness of thy 
plate, and o its conductivity, then “| 


2ndow = — Ilog(C — %) + ECan" + 6,0-") Q 


Since the total current J flowing through a cylinder of length « 
is given by 


[= doi), 


where s is the circumference of a section of this cylinder, ther 
equation (2) gives the correct value for w. For in describiny 


the circuit s once in a positive direction, the only contributior, 
to #% is from the term —J/ log (¢ — ( ), and this is —27I. : 
On the circle || = 1, equation (2) can be written as 


oo (ce) I i 

2ndow = — Hoge + Sa,tr +S (b,+50)o" 
n=1 n=1 

and on the circle |¢| = 1/1, it can be written as | 


(ce) T co ’ a 
rigs Sloe (Le = (4 xe ~£o") on Sb b-" @ 


2. THE CIRCUMFERENCE AS AN ELECTRODE 


The first problem is one where a current J flows outward: 
through the boundary of the plate, i.e. the boundary is at 


electrode. Hence ¢ is a constant on the circle |Z| = 1, s« 
there exists a boundary condition 
Re w(4) =0 (5 


Both ¢ and ¢ are continuous across the line joining the foc 
of the ellipse, hence so is w. The two points in the ¢-plan 
corresponding to near points one on each side of the line o 


foci in the z-plane are € and Z, where ( = 1/r?¢. Thus ii 
order for w to be continuous across the line of foci, we mus 


have 
wo(C) = wo(1/t?C) (6 


From equation (5), E 

a, + b, + U/nt% = 0 
and from equation (6), : 

a, + U[n)fo" = byt” 
Eliminating a, it is seen that 

bt" b= Iie? = Gin 
Taking the conjugate of this equation, eliminating 5, leads t 
by = Ig Pe Co = a a 

and thus 


a, = K(tloy" + (tLo)-” — [(tEo)" + (Lo) —"]e2hon/n( en — 1 
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i bstituting for a, and b, in equation (2), and using equation 


| loget/(z — 29) + E (, SO ICON (ie) Plnan = 1) 
| (7) 


: ere W, = (tly) + (Cg) -” 

The potential dy on the inner electrode of small radius r 
idetermined by substituting z = z) + rexp(i@), and € = Cy 
| the real part of equation (7). Since the resistance R of 
e plate is defined by ¢o/J, then to the first order in r, we 
ive 


rdoR = 2 log (ct/r) -+ >) (w2 — 2w,o,, 
j i= 


1" + @2)/n(t4" — 1) 


(8) 


‘In order to reduce the expression for the resistance to a 
n-dimensional form, it is convenient to take the semi-major 
sis of the ellipse u as the unit of length. Then in order to 
tdicate the order of magnitude of the resistance of the plate, 
Ind its variations as the dimensions of the ellipse and the 
| sition of the inner electrode are varied, a table is drawn 
© variations of v/u in the range 0 < v/u < 1, and for zo/u 
| the range 0 < |z|/u <1. Values of 5, are recorded, where 


2adoR = log (u/r) — 4, (9) 


xe upper set of numbers in each row correspond to the 
tues when the inner electrode lies on the major axis of the 
lipse, i.€. Zp is real, and the lower set of numbers correspond 
- the values of 6, when the inner electrode lies on the minor 
.:5 of the ellipse, i.e. z) is purely imaginary. Only one set 
» numbers is required in the first column and the last row of 
‘yble 1, since in both the above cases the results are identical. 
i In order to evaluate w, the following recurrence formulae 


tn be used: 
n 7 
(1)@n-2 an (ni2)> nm even, 


—— WW, aie (1 )en-2 sea eS ae Ee "yp |e n odd. 


nN 


Table 1. The variation of 5, 
vlu |zol\/ju= 0 0-2 0-4 0:6 0:8 
10-2 1:3746 1-3960 1-4658 16124 9236 
0-4 0-7044 00-7272 0:8096 0-9808 essay 
1-0454 — — — 
0:6 0:3448 00-3747 0:4744 0:6857 1-1661 
| 0-4817 1-0081 — — 
0-8 0:1299 0:1659 0:-2848 0:5317 1-0707 
0:2004 0-4415 1 -0098 = 
1-0 0:0000 0:0408 . 0:1743 0:4462 1-0216 


|For a given elliptic contour the resistance of the plate 
creases as the inner electrode moves outwards away from 
! e centre of the ellipse, and the rate of decrease is greater at 
: rger distances of the electrode from this centre. Hence 
hanges in the position of the inner electrode are less effective 
h altering the resistance of the plate at positions nearer the 
ibntre of the plate. For a given position of the inner electrode 
he resistance of the plate increases with increase of v/u, and 
le rate of increase is greater for smaller values of v/u. 

/ Since 6, is independent of r, the radius of the electrode, 


VoL. 6, Marcu 1955 


89 


The resistance of an elliptic plate 


then from equation (9) it is seen that the effect of an increase 
of the radius of the electrode is to decrease the resistance of 
the plate. 


3. TWO INTERNAL ELECTRODES 


In the second problem the outer boundary of the plate is a 
line of current flow, and for simplicity two electrodes only 
are assumed to be situated inside the plate. The electrode at 
z =z, has small radius r,, and a total current J leaves it, 
whereas the electrode at z =z, of small radius r, has a 
current J entering it. The complex potential of the current 
flow in this case assumes the form 


Indow = Mog (f ~ GME — &) + D(a,k" + b,6-%) (10) 
n=1 


where ¢, and ¢, are the points in the ¢-plane corresponding 
respectively to the points z, and z, in the z-plane. 
On the circle || = 1, equation (10) reduces to 


) oo if 
2rdow, er Xi anb" 3 > , =p bi a lt (11) 
n= n=1 
and on the circle |¢] = 1/t to 
2 I 
bo “ s ‘a, ae Cn as t= on he 


n=1 


27dowy = I log 


(12) 


The boundary condition on |¢| = 1/r is as given by equation 
(6), but as the contour of the plate is a line of current flow, 
the second boundary condition is 


Im w(C) = 0 (13) 
From equations (6) and (12), we have 
prea (dare eS sa Vi alo eu 

and from equations (11) and (13), 
1G inh, 
Proceeding as in Section 2, it can be deduced that 
b,, ih jhe Cie cs ee 

SE te Cy Mee G5) 
Gio, )t27|t"/ nti" — 1) 


(s = 1, 2) 


ay, 


anda a 


nie Io, 


Os = (t¢," Sts (t€,) a 


The complex potential w is deduced from equation (10), and 
can be written in the form 


(Qado/I|w = log (z — Z2)/(z — %) 


icfS 
Wn 1 (Oi, 


where 


Dy,)1"] 
[Con + Oia" — 1) 


The potential ¢, (s = 1,2), on the surface of the sth 
electrode at z = z, of radius r, is determined by substituting 
z=z, +r,exp (i8,) and ¢ = ¢, in the above equation, and 
considering only its real part. The resistance of the plate is 
determined by R = (4, — ¢;)/I, and is given by 


' | (@ 
on 7 (@, 


4ndoR = 2 log (z, — 22)(Z, — 22)/"r2 


2 


co 
+ > [(o1, > Wo)” an 2(W 1p es Wyn)(@ ty = @,)t $e 
n=1 


+ (@4, — @2,)"|/ntt™ — 1) 


E. E. Jones 


A table can be drawn illustrating the variation in the 
resistance of the plate as the position of the electrodes is 
varied and the dimensions of the plate are changed, the semi- 
major axis of the ellipse being taken as the unit of length. 
In order to reduce the problem to its simplest form, it is 
assumed that the electrodes are confined to lie along the axes 
of the ellipse, symmetrically with respect to its centre. In 
each column of Table 2 the upper set of numbers are values 
of 65, where 

2ndoR = log (u?/ryr2) + 84 


when the electrodes lie along the major axis with z; = — Zp, 
and the lower set of numbers correspond to the case when 


Table 2. The variation of 85 

vu |z\fu= 0-2 0-4 0-6 0-8 
0-2 0-8029 7-3290 14-4451 22-9868 
0:4 OS Le 2:3029 5-8946 10-1207 

e229 — — 
0:6 —1-4563 OS97Z5 325959 6:3613 

—1-5694 0-8208 — — 
0°8 —1-6050 0-4429 2-3720 4-7661 

—1-6448 0: 3468 2°4547 — 
1-0 6/25 0:1992 1-8722 39727 


The 


By J. R. H. Coutts, D.Sc., F.Inst.P., Department of Soil Science, University of Aberdeen 
[Paper first received 15 October, and in final form 8 November, 1954] 
A method by which an approximate value for the specific surface of a soil can be calculated from 


particle size distribution data is described. Factors affecting the accuracy of the results are 
discussed. 


Methods for estimating the specific surface of a soil from 
mechanical analysis data have been derived by Krauss“) and 
by Puri.) In the present paper, an alternative method is 
given, making use of a procedure which is a straightforward 
development of that used by van Bavel®) for the determina- 
tion of the weight mean radius of the structural aggregates 
in a soil. 

Using notation similar to that adopted by van Bavel, let 
f(r) be the (weight) distribution function of particle size, 
and F(r) the accumulation function, which gives the ordinates 
in the familiar summation curve. Then, by definition, 


M 
[Fo] = | fond (1) 


where the limits 7: and M denote the least and the greatest 
values of the independent variable [r in equation (1)]. The 
weight mean radius is 7, where 


M M 
P= | r fo -ae] | fr”). dr 


estimation of the specific surface of a soil from mechanical | 
analysis data 
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the electrodes lie along the minor axis, with z; = — Zp. 
both cases the resistancé has the same value for v = uw. ; | 

For a given ellipse the resistance increases as the electrodes |) 
move further apart, the rate of increase being slightly greater fs 
at larger values of |z|/u. For a given position of the electrodes, |} 
ie. given |z|/u, the resistance decreases as v/u increases, the |) 
rate of decrease being greater for smaller values of v/u. \ 
Changes in the distance between the electrodes are less} 


effective at larger values of v/u in the range 0 << ¥ <u. An. , 
. 


t 


increase in the radii of the electrodes, whether separately ory 
together, has the effect of decreasing the resistance of the|y 
plate. 1 
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Integrating the numerator by parts, and using equation (1) 


ie | 
pees fir-reoIty — | Fe.arh 2 


[FY m 


which (with m = 0) is the equation applied by van Bavel. | 

In the summation curve, it is customary to plot F(r) : 
against a logarithmic scale for r or for the Stokes terminal ff 
velocity. If we use In r as the independent variable, the |i 
calculation for 7 is conveniently made from the equation 


m 


M 


Aaa [FO = | r.F(r).ddn ot «| 


se 
m i 
f 

As explained by Dallavalle® the weight mean radius is 
the appropriate size parameter to use in the calculation of; 
the specific surface , and for spherical particles of density 
pg per cm? : 


300 : 
S= — cm2/100 g (4)) 


where / is expressed in millimetres. 


The practical manipulation of equation (3) is illustrated 
y considering the two curves in the figure. The abscissae 
pr these curves are the natural logarithms of r. For curve I 
ihe summation curve), the ordinates are percentage values 
f F(r), and for curve II they show the corresponding values 
ifr. F(r). (The two sets of ordinates have the same maximum 


| 


40 
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Curves of F(r) and of r.F(r) for a silty-clay loam 


—————— 


+ alues in the case shown because the upper limit of the Stokes 
adius for coarse sand particles is | mm, it being customary 
-9 remove coarser material such as gravel and stones by 
sieving before carrying out the mechanical analysis of a soil.) 
curve I can be constructed immediately from mechanical 
nalysis data, and, in view of its simple form for most soils, 
t can be obtained with reasonable accuracy even though the 
foutine mechanical analysis provides only four points upon 
't. By interpolation on curve I at suitable intervals of Inr, 
the corresponding values of F(r) are found, and the ordinate 
For curve II can be calculated for each specified value of In r. 
If the specific surface is to be found for the soil fraction 
ithin the size limits defined by In « = a and In B = 5b, the 
Herms on the right-hand side of equation (4) can be evaluated 
rom the curves: [F(r)]@ is the difference between the 


prdinates bB and aA erected to curve I; [r. Fr) |e is the 


Hifference between the ordinates DB’ and aA’ erected to 
b 


curve IT; and | FF -an r) is given by the area aA’B’b 


1) 


| a 

which can be measured with a planimeter. 

The limits of size range determined in routine mechanical 
analysis are those covered by the full lines in the curves 
shown in the figure, but when the larger specific surfaces 
lassociated with smaller particles are of interest, these can be 
lobtained approximately by extrapolation of curve I, and 
Ithence by constructing (on an enlarged ordinate scale) the 
curve for r.F(r). (The extrapolation employed in Puri’s 
method implies the assumption that there is a linear relation- 
hip between F(r) and 1/r.) It may be noted that the dotted 
lextrapolation in the figure indicates that the smallest particles 
loresent have Stokes radii of approximately 3 x 10°-5mm, 
which is about the value suggested by Robinson.‘S) Results 
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The estimation of the specific surface of a soil from mechanical analysis data 


for two soils of widely differing textures are shown in the 
table. 


Values of specific surfaces of coarser and finer fractions of 
two soils and of the whole soils 


S(cm2/100 g) 
Soil Fraction 

3 == 0-3 39x 10>" Bee 10a 

p= 1 10-3 1 
Cruden Bay 9:55 x 103 4-13 x 105 NIE IOe 
(silty-clay loam) 
Craibstone 4-38 x 103 3:64 x 105 0-41 x 105 
(sandy loam) 


In the calculation of these results, the value used for the 
density of the material is 2-65 g per cm?. While this is a 
good approximation for most mineral soils, it is probably 
rather too high for some of the clay minerals occurring in 
the fractions of the smallest particle size range; and it would 
also require modification in soils containing high proportions 
of humus. Further, a source of inaccuracy is necessarily 
introduced by the use of the extrapolated curves, but from 
the general form of curve II it will be seen that for a moderately 
large range of values of In r the lower limits of the factors in 
equation (3) are very small compared with the upper limits 
and even relatively large errors in estimating the value of r 
for which F(r) = 0 will not appreciably alter the final values 
Ole 

There is also a source of error common to all estimates of 
specific surface from sedimentation analysis, namely that 
which arises from the non-sphericity of the particles. For 
this reason, the absolute values of S are of less significance 
than the relative values obtained in a comparison between 
different soils. In order to obtain valid absolute values, it 
would be necessary to apply appropriate shape factors. A 
considerable amount of work on this topic has been published 
for materials other than soils,-7) and Robins®) has shown 
how to allow for the variations of shape factor that occur 
with varying Stokes radii of the particles. The relevant 
experimental data for soils are not readily available, but 
since the values for the finest particles are the most important, 
it should be possible to derive these from electron microscope 
investigations of the clay minerals. 
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Formulae for the transformation of indices in twinned crystals 


By K. W. Anprews, D.Phil., F.I.M., F.Inst.P., and W. JoHNson, M.A., The United Steel Cos. Ltd., 
Swinden Laboratories, Rotherham 


[Paper first received 5 August, and in final form 11 October, 1954] 


The interpretation of X-ray diffraction patterns from twinned crystals and the solution of other 
problems involving twin formation can be assisted by the use of certain formulae. G 
indices of the twin plane (HKL) or the twin axis [UVW], it is possible to find the indices of a 
plane in the twinned part of a crystal in terms of those of the corresponding plane in the parent 
crystal, or to formulate the corresponding transformation for zone axes. A general relationship 
applicable to any crystal systems has been derived in matrix form. A particular form of the 
matrix and a new relationship follow for cubic crystals. 
matrix and formulae. These refer to twins on {111} planes in face-centred cubic metals and 
other cubic crystals and to twinning in titanium and in uranium, 


In the interpretation of X-ray diffraction patterns of twinned 
crystals, particularly in connexion with certain orientation 
problems, the authors have derived and employed formulae 
which express the indices of a plane (Ajk>/,) in the parent 
crystal in terms of (4,k,/,;) in the twin. Otherwise, a plane 
(h,k,l,) in the twin may be considered to have been placed 
parallel to the plane (A k>/,) in the parent crystal by the 
twinning process. Transformation formulae of this kind 
are not readily available in the literature and usually only 
refer to specific cases. It is of historical interest that Mtigge) 
derived a formula as long ago as 1889. Subsequently occa- 
sional use has been made of such transformation relationships. 
Miigge®) derived expressions for «-iron, Lewis and Hall®) 
for pyrites, Mtigge™ for tin and Slawson®) for diamond. A 
lengthy paper dealing with the geometry of twinned crystals 
was published by Friedel and the morphology of mechanical 
twinning was considered by Bell. Methods of interpreting 
X-ray diffraction patterns of twinned crystals have been 
described by Henry, Lipson and Wooster.®) There appears, 
however, to have been no general treatment of the trans- 
formation formulae until a recent book by Hall.) Decker(® 
has derived vector formulae for the identification of twinned 
crystals which can be shown to be equivalent to the 
formulae given by Hall and some of the other authors 
referred to. 

The present authors have derived transformation formulae 
by a method which does not appear to have been used pre- 
viously. This gives a new and concise general matrix 
expression for the transformation of planar indices applicable 
to all crystal systems. The corresponding formula for the 
transformation of zone axes is also given. When the formula 
is applied to the cubic case a completely new relationship 
can be derived and this enables the possible sets of planes 
{hokzlz} to be obtained given the form of {h,k,/;}. Three 
examples are given of the application of the matrix or formula 
to specific cases. 


RELATIONSHIPS FOR THE GENERAL CASE 


Planes. The problem reduces to finding (42k>/,) in terms 
of (1,k,/,) so that these two planes make equal angles with a 
plane (HKL) as in the figure. Generally (HKL) is the twin 
plane or the composition plane and has simple integral 
indices. In certain cases twinning is related to an axis [UVW] 
which rotates the plane (/,k,/,) through 180° to bring it 
into coincidence with (/47k2/,). In this case [UVW] has 
simple integral indices but (HKL) is not necessarily repre- 
sented by integral indices. 

Given either (HKL) or [UVW] it is possible to find the 


Given the 


Examples are given of the use of the 


other by using relationships which can be derived as follows. y 
The plane (HKL) contains the zone axes: : | 


e s o| which is parallel to the (001) plane 


and fo = a which is parallel to the (100) plane. 


The general formula for the angle between two zones is 


Kee + v,vsbh? + wwe? + be(v;wz + wv) COS 4 | 
+ ca(w Uy + Uywz) cos B + ab(uyvy + v,uz) COS 'y 


cos p = 
Ee Leones 


= 4/(a2u? + bv? + cw? q 
+ 2bcevw.cos « + 2cawu.cos B + 2abuv.cos y) ¥ 


where / 


Uow 


The two directions are perpendicular when the numerator is 
zero. Now [UVW] is perpendicular to (HKL) and therefore 
to the two directions specified so that: 


a?U BV beWs cosa | caW .cos 
EIS ot AK pee ae H 


ea =) OU COS ae 


2) 


H K 
d tb aie CW  beW.cosa beV .cos « 
ie i ees 8 K ii 
caU.cosB  abU.cosy 1 
| — 4 
! ; "i 0 (@) 


The solution of these two equations enables [UVW] to be 
found given (HKL), or (HKL) to be found given [UVW].¥ 
The complete solution for each of the seven crystal systems | 
is given in Table 1. The above derivation is similar to that 
given by Niggli@!) who called [UVW] the “quasi normal,” 
but did not give fully general solutions. ; 

The equations in Table 1 do not necessarily give integral 
indices but the indices obtained can be approximated to 
whole numbers. In the rhombohedral case cos « can be 
approximated to the ratio of two whole numbers (see footnote f 
to Table 1). 4 


peed +1 ae 

Abe F take [UVW =e eee 
f now we take [ ee -0| and fo, 2] ass 
a new set of axes, it follows by the usual matrix methods, | 
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Table 1. Formulae for zone axis perpendicular to plane 


Crystal system Equations for finding [UVW] given (HKL) 


Equations for finding (HKL) given ([UVW] 


U/(HS\, + KS. + LS}3) H|(Ua? + Vab’. cos y + Wea. cos B) 


aaaee = V/(AS\. + KS> + LS>3) = K/(Uab . cos y + Vb? + Whc . cos a) 
| Triclinic = W/(HS\; + KS»; + LS33) = L|(Uca.cos B + Vbc. cos « + We?) 
| where S,,; = 6?c? sin? «, etc. 
S;2 = abc? (cos « cos B — cos ¥), etc. 
| * U/(Hb?c? — Lab?c . cos B) H|(Ua? + Wea . cos f) 
Monoclinic = V/(Ke?a’ . sin? B) == VO" 
| = W/(—Hab’c . cos B + Lab?) = L|(Uca . cos B + We?) 
Hexagonal U/2H + K) = V/(H + 2K) = (2W/3L)(c/a)? H/QU — V) = K/QV — U) = L/[2Weela)*| 

U/[H . sin? a + (K + L)(cos? « — cos «)| H/[U + (V + W)cos a] 
| Rhombohedral* = V/[K . sin? « + (L + H)(cos* « — cos «)] =K/[V + (W + U) cos «] 
| = W/[L . sin? « + (H + K)(cos? « — cos «)] = L/[W +-(U + V)cos a] 
| Orthorhombic Ua?/H = Vb?/K = We?/L A) Ua?= Ki Vb? = Li We : 
| Tetragonal U/H = V/K = (W/L)(c/a)? H/U = K/V = L/[W(cla)*] 
| Cubic U/H = V/K = WIL H/U = K/V = L/W 
eater! (KU — HV) re (LV — KW) at (HW — LU) 
[H(U+ W)—-KV+W)) [KV+U)—LW+U)) [LW+VY)— AU + VY) 
».g., as described in International Tables for X-ray Crystallo- | Now (hyk I) can be found by transformation from (A3k55) 
eaphy)“2 that a matrix given by by means of the matrix Q~!. This process of reflexion of 

Poise (A,k 11) into (Aykzl,) is represented in the figure. Hence 

the complete expression of (/Apk/,) in terms of (h,k,l)) 
(pe hese 7 requires the matrix: 
Q=|H’ XK’ Q-'.B.O 
0 Te a where Q is defined as above 
’ K ’ L 


ill transform indices of planes referred to the crystallo- aan B- ne ; 

raphic axes into indices corresponding to this new set of axes. 001 

If these indices are (h;k{/;) it follows that, in this new axial 

stem, the plane of indices (Ajk>/), now transformed to WV 
N5kL) is related to (A)kj/)) by a simple reflexion process wee ate + 7) 


T= NS 


ie kimk ee 1 per tee 208 Ceres U 
ae A HL we 
(hy k,l) (HKL) (he ko Ip) er U U V 
HK ee ea 
where A= —(4U + KV + LW)/HKL 


The product O-!.B. Q. required is therefore: 


ie I 
[Uv wi (HU + KV + LW) 
(-HU + KV + LW), —2HV, —2HW 
RU ae AUS KV) KM 
LU, —2LV, (HU+KV—LW) 


| ; : 3 d tall ee Ole) 5 HU HV AW 

| Relationship between twin plane, twin axis and crystallo- or si ae 
[eer phic clanc:. (The planes (HKD), (ikl), (oko) °° 1° | °| > ose eLM (4) 
| are perpendicular to the plane of the paper.] OT Onl LO LV We 
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which may be written formally as 


H 
[U vn | 
L 


From equation (4) the transformation formulae required are 


2H(Uh, + Vk, + Wh) | 
(HU + KV + LW) 


i =. k £ 2K(Uh, + Vky + WI1,) 
a= AS (HO KEL) 


2L(Uh, + Vk, + Wl) 
(AU + KV + LW) 


hy = hy — 


(5) 


b= 1, - 


An alternative set of expressions avoiding the fractional 
terms is given by 


hy = (HU + KV + LW)h, — 2H(Uh, + Vky + Wh) | 
ky = (AU + KV + LW)k, — 2K(Uh, + Vk, + Wh) (6) 
L = (AU+ KV + LW), — 2L(Uh, + Vk, + Wl) 

Zone axes. [uyvyWwz] must be expressed in terms of 
[wv w,]. In this case these two zone axes make equal 
angles (or direction cosines) respectively with the chosen 
transformation axes lying in (HKL), and only the sign of 
the direction cosine with [UV W] (or Ox’) is changed. Hence 
the matrix B can again be used to represent this reflexion 
through the plane (HKL). 


If now the rows and columns of Q are interchanged we 
obtain the matrix: 


l 

Care -s1() 
A 

—1 -1l 

oe oe SE ag eh es 

2 Koa: 

1 

OS 

iE. 


and this matrix transforms vectors referred to the trans- 
formation set back into the original axes (e.g. [100] becomes 
{uvw]). Therefore for the transformation formula required, 
it is necessary to obtain the product: 


OP BAG yes 
It can easily be shown, however, that 
(Q’)—! = (Q—!) and it is clear that B = B’ 


It follows from the 
products“!3) that: 


Q'B(Q')! = O'B(Q-'Y = (Q-'BOY 


Hence the matrix for the transformation of zone axes is 
simply the transpose of equation (4), i.e. 


“reversal rule’ for transposition of 


100 : HU KU LU 
0 f.0\> = 

GURU INO I Oo) 
001 HW KW LW 
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U 
2| V |[AKL] 
100 iH 


= OLTL0 a 
001 won] 
. i 


The transformation formulae are 


2U(Hu, + Kv, + Ly) } 


Uy EN HO 

; 2V(AHu, + Kv, + Lwy) 

Phe (HU tak Vee) 
2W( Au, + Kv, + Lw,) 

Waa Wy 


(HU+KV+LW) } 

or 

Uy = u(HU + KV + LW) — 2U(Au, + Ky + Lw,) | i 

vy = v0 (HU + KV + LW) — 2V(Au, + Key + Lw,) . Oy} 
= w,(HU + KV + LW) — 2W(Hu, + Kv, + Lw,) | . 


Application of formulae. To apply the formulae, Table ie 
is first used to find values of one of the sets of indices H, K, L} 
or U, V, W, given the other. This is a very simple matter in | 
all crystal systems except monoclinic or triclinic. The 7 ] 
approximation to whole numbers can be made where 9) 
necessary. 


SAM 


Equations (6) or (9) can then be used to calculate the H 
transformed indices for any plane or zone axis. If HKL or # 
UVW have been approximated to whole numbers it follows i 
that Ak>l, or uz, etc., must also be regarded as approximate. - 
In these cases more exact non-integral indices can be found 
if desired, by using suitable fractional or decimal forms of 
UVW or HKL. The equations (6) or (9) are easy to use 
since the left-hand expression in brackets is the same for all § 
the equations and the right-hand expression in brackets is 
the same for a given (h,k,/,) or (u,v,W)). 


RELATIONSHIPS FOR CUBIC CRYSTALS 


substituting H = U, K = V,.L=W, hf =m, ete... and one | 9: 
set of equations results. Hence for the cubic case we have a: 


2H(Hh, + Kk, + Ll) of 


with corresponding expressions for ky and /, 

or h, = (H? 4+ K? + L*)h, — 2H(Ah, + Kk, + Ll,) 1 
ky = (H? + K? + Lk, — 2K(Hh, + Kk, + Lh) (10) |i 
lL = (4? + K? + LI, — 2L(Ah, + Kk, + L,) 

From equations (10) it follows that 

(h5 + k3 + 13) = (H? + K? + L4)%(h2 + #2 + 22) 

+ 4(H? + K? + L?)(Mh, + Kk, + LI yp 
—4(H? + K? + L?)(Hh, + Kk, + Ll,)(Ah, + Kk, + Ll). 

ie. (3 +43 + 2) = (A? + K?4 PP? + 2 + P) (1) 


This relationship appears to be new and indicates the possible i: 
forms to which (/k2/,) can belong given (h,k,/,). y 


It will be appreciated that if equations (10) are used for | 
the reverse operation of expressing (h,k,/;) in terms of | 
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zkolz), the same values of /,k,/, will be obtained after 
emoval of a common factor. 


APPLICATION TO SPECIFIC CASES 


| Cubic crystals with “spinel law” twins. The authors have 
rmployed the matrix and formulae in connexion with the 
pecurrence of twins in face-centred cubic metals and dia- 
monds. In the latter case the interpretation of stereographic 
rojections of twinned diamonds was made considerably 
rasier. In both cases the twin planes is one of the {111} set 
f planes—a type of twin described by the ‘‘spinel law.” 
From equation (11): 


(13 + 3 + B) = 902 + 2 + B) 


ip 


(12) 


ence the sets of planes to which (Ajk>/,) can belong is 
Indicated in Table 2 for planes which correspond to the 
/Mrinciple X-ray reflexions. 


‘or a particular plane (111) the most convenient form of 
rnatrix (1) (omitting a factor of 4) is 


| Table 2. Cubic case: “spinel law” twins 

: (aikil} Possible sets of planes for {hokala\ 

' {11n {511} and {333} (= {111}) 

{100% {221} and {300} (= {100}) 

{110} {411} and {330} (= {1103) 

{311} {755}; {771} and {933} (= {311}) 
E 


w 
2 
] 


2 
1 


D 


End SO hy = hy : 2k, } 21; = hy | 2(k, } l,) 


On applying these formulae to the individual planes in the 
met {100}, i.e. (100), (010), (001), only planes of the form {221} 
esult. In the other cases in Table 2 (Ayk>/) is found to belong 
ito planes of any of the possible forms indicated. 


A hexagonal case—titanium. Titanium is a hexagonal 
metal with c/a = 1-591. Twinning planes of the types 
(10, 2}, {11, 1} and {11, 2} have been reported.“'4) In Table 3 


Table 3. Data for titanium 
(HKL) [UVW] Matrix Comments 
(planes) 
40,2)" = [10 5,6] tb Se 8 (01, 0) near to (12, 2) 
OI aO after transformation 
20 10 TJ] [01, 0] unchanged 
(11, 1) [55, 1] 110 37. (10, 0) near to (01, 1) 
TW after transformation 
eee See (01, 0 near to (10, 1) 
10 10 9] [00, 1] near to [TT, 1] 
(11, 2) S552] 2 +5 =17 © (00; 1] near to (22; 1] 
5 2 1] after transformation 
10 10 5 
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the values of [UVW] corresponding to one plane from each 
of these sets are listed and the corresponding matrix for plane 
transformations. The matrix for zones can be found by 
interchanging rows and columns. Some comments are 
given in the right-hand section of Table 3 to indicate the 


new positions after twinning of certain planes or directions. 


An orthorhombic case—ea-uranium. Twinning in a- 
uranium which is orthorhombic presents an interesting case 
as four different twin planes have been reported by Cahn.“ 
The values of the lattice parameters are a = 2:852A, 
b = 5:865A and c=4-:945A. The data relating to the 
four modes of twinning are listed in Table 4. The last column 
in this table gives the shear direction 7, as listed by Cahn“) 
and by Frank.@® This direction lies in the plane (HKL) 
although in some cases the indices given for 7, are approxi- 
mations to integers (i.e. the true shear direction does not 
quite coincide with the simple indices). It is a convenient 
check on the matrix in Table 4 to apply it to (HKL) or 
(transposed) to these indices for 7,. In the former case 


(HKL) is transformed into (H K L) apart from a common 
factor, but in the latter case there is no change in sign. That 
this should be so is also clear from equations (5) and (8). 


Table 4. Data for «-uranium 


(HKL) [UVW] Matrix (planes) Direction of shear 
NH 
(ery 5.5 Gi 
(112) (17S 414] W211 [372] 
343 6 
['Sita5e 2 
(172) eho wed 21 14 14 [312] 
6 10 17 
4-50 
(130) ([7="-5; 0] 21 4 0 [310] 
O0ett 
BAO a7, 
(121) D102] 42 414 [321] 
DistOsty 
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Ionic bombardment heating of magnetron cathodes 


By A. E. BARRINGTON, Ph.D., B.Sc., A.M.LE.E., Services Electronics Research Laborat 
Harlow, Essex 


[Paper received 2 June, 1954] 


A novel method of heating thermionic cathodes in transverse electric and magnetic fields is 
described. Hydrogen at an accurately controlled pressure is admitted into the vacuum envelope 
directly heated nickel pellet coated with a suspension 
Following the initiation of a low-pressure gas discharge in the inter- 


from a hydride replenisher (consisting of an in 
of zirconium hydride). 


electrode space, the cathode is heated by positive ion 
ture required for thermionic electron emission. 
s are restored, 
Following a section dealing with physical phenomena, 


plenisher and high-vacuum condition 
electron back-bombardment alone. 


practical applications of the method are discussed, such as the processing and 
coated as well as high-temperature magnetron cathodes. 


Indirectly heated oxide-coated cathodes have been widely 
used in microwave magnetrons since 1940. Other cathode 
types, relying on secondary emission initiated by primary 
electrons from a thermionic pilot cathode or by a gas dis- 
charge in the inter-electrode space have been described“ but 
not used on a large scale. With increasing mean-power 
requirements in recent years, high-temperature cathodes 
heated indirectly or by means of electron bombardment®) 
from an auxiliary electron gun have undergone considerable 
development. 

In magnetrons operating at wavelengths below 1 cm, 
limitations of space may impair the effectiveness of any of 
the above heating methods, and restrict the choice of cathode 
materials, which in turn may prevent full exploitation of a 
given magnetron design. Even in cases where cathodes can 
be heated to normal operating temperature by conventional 
methods, these may be inadequate for activation and process- 
ing of such cathodes. 

A simple method to overcome these difficulties has been 
devised recently.4) Hydrogen from a heated replenisher, 
consisting of an indirectly heated nickel pellet coated with a 
suspension of zirconium hydride, is introduced in the valve 
‘envelope, the gas pressure depending on the replenisher 
temperature. A gas discharge is then initiated in the trans- 
verse magnetic field provided by the magnetron magnet. 
Over a limited range of gas pressure it is possible to heat the 
magnetron cathode by positive ion bombardment to any 
desired temperature. When the cathode reaches the tempera- 
ture required for thermionic electron emission, the hydrogen 
is reabsorbed by the replenisher and high-vacuum conditions 
are restored. For a particular heating cycle depending on 
the thermal design of the cathode structure, the cathode can 
then te maintained at the emitting temperature by electron 
back-bombardment alone. 


THEORY 


The behaviour of gases at low pressure in transverse 
electric and magnetic fields has been studied by a number of 
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bombardment until it reaches the tempera- 
The hydrogen is then reabsorbed by the re- 
while the cathode is maintained hot by 


starting of oxide- 
investigators,6-7) who found that breakdown occurred at B 
pressures far below those observed in the absence of the 7 
magnetic field. The effects of various parameters governing a 
the initiation of a self-sustained discharge, i.e. electrode a) 
geometry, gas pressure, electric and magnetic intensity, have 
also been analysed in some detail. Once breakdown occurs, ai 
the movements of the charged particles in the discharge are fl 
somewhat complex. It is possible, however, to examine the | 
mechanisms leading to the production of charge carriers, and We 
to describe their subsequent behaviour. The following dis- Fi 
cussion applies particularly to a hydrogen discharge ina 
concentric cylindrical electrode structure. ay 


(i) Production of charged particles yl 

The following mechanisms may lead to the production of x 
electrons and positive ions: ' 

(a) Field emission. The number of electrons produced in Hl 
this way is probably small, particularly in the case of smooth | 
metallic cathodes where surface irregularities are unlikely to 4 
result in a voltage gradient of sufficient magnitude for this 
type of emission (> 106 V/cm). ; 7 

(b) Secondary emission at the cathode. This process greatly |! 
depends on the material and condition of the cathode surface. § 
Both electrons and positive ions colliding with the cathode oe 
may liberate secondary electrons. : a 

(c) Secondary emission at the anode. While this type of 1p 
emission again depends largely on the material and condition [f 
of the anode surface, the overall contribution to the number — 
of electrons produced may be assumed to be negligible. ‘ 

(d) Collisions between electrons and neutral gas molecules. | 
This is probably the most important source of free electrons. a 
Each ionizing collision results, in the simplest case, in the | 
production of an electron and a positively charged molecule. 5 
More complex ionization phenomena, resulting in the pro- 
duction of atomic or multi-atomic ions and a corresponding f 
number of electrons have been reported..9) However, | 
according to Finch,“ hydrogen is not dissociated by a 
discharge, except in the presence of water vapour. In aq 
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arefully outgassed sealed-off system molecular ions may 
jherefore be expected to predominate. 


1) Motion of charged particles 


| (a) Electrons. In the absence of collisions, electrons 
produced at the cathode describe epicycloidal orbits round 
he cathode, the radial displacement depending on the 
itial velocity. Following a collision with a gas molecule, 
nn electron can no longer return to the cathode, but, together 
vith electrons produced by ionizing collisions, will move 
julong a succession of epicycloids until it either reaches the 
jnnode or collides with another gas molecule. In a practical 
jmulti-cavity magnetron the electron orbits will be modified 
onsiderably by the presence of radio-frequency fields whicii 
jpuild up owing to the motion of charged particles in the 
nter-electrode space. A number of electrons, accelerated by 
the radio-frequency field near the anode, will then, in fact, 
- (b) Positive ions. The radius of curvature of the orbit of 
x charged particle in transverse electric and magnetic fields 
iepends on the mass of the particle and, for a given electric 
nnd magnetic intensity, is a minimum for electrons. The 
rightest positive ion, with a mass 1837 times that of an 
ielectron, therefore experiences a comparatively small magnetic 
Hieflexion during its passage to the cathode. As a first 
“pproximation, ions may thus be considered travelling in 
ectilinear motion across the inter-electrode space. Provided 
10 collision takes place between ions and molecules, the 
nergy dissipated at the cathode due to ion impact for a given 
Electric field depends only on the site of ionization, i.e. the 
-otential drop experienced by the ion. 

If the gas pressure is too low, the number of ions reaching 
‘ne cathode will be insufficient to raise its temperature 
ippreciably. On the other hand, if the pressure is too high, 
ons will collide with neutral molecules and eventually arrive 
tt the cathode with too little energy to heat it. It is to be 
| xpected therefore, that, depending on the electrode geometry 
land applied electric and magnetic fields, an optimum pressure 
I ange exists, where cathode heating by ion impact occurs with 
aximum efficiency. 

In practical magnetrons, the electric field distribution due 
to the presence of cathode end-hats minimizes diffusion of 
lsharged particles from the inter-electrode space. It ensures 
that maximum electron density and ionization probability 
bomb in the inter-electrode space, resulting in maximum ion 


bombardment at the active cathode surface. 


| 
| 
| THE HYDROGEN SOURCE 


_ The theoretical possibility of a bombardment-heated 
\thermionic cathode in transverse electric and magnetic fields 
jwas recognized several years ago.) It was found in practice, 
however, that accurate permanent control of the gas pressure 
as the limiting factor which could not be attained in the 
kequipment used at the time. It follows, therefore, that in 
lorder to meet operational requirements in a practical mag- 
inetron a number of conditions must be satisfied. 


(a) The hydrogen pressure must be accurately controllable 
ithin a narrow pressure range (found experimentally of the 
lorder of 10-2 mm of mercury). 

(b) The temperature-pressure characteristic of the source 
tmust be constant throughout the life of the magnetron. 

| (c) When the cathode reaches the operating temperature 
required, the source must reabsorb the hydrogen quickly and 
ithe pressure in the envelope be reduced such as not to affect 
“he efficient operation of the valve. 
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Tonic bombardment heating of magnetron cathodes 


Several materials are available whose characteristics are 
suitable for this application,“*) ie. titanium, zirconium, 
thorium. It was found in practice that these metals when 
coated on a base of tungsten or nickel lose their activity 
after a comparatively small number of heating cycles owing 
to alloying with the base material. Good results, however, 
were obtained when the base was pre-alloyed with the metal 
in question before a final application of the active coating. 
No deterioration of performance was observed with indirectly 
heated replenishers of this type after more than 1000 tempera- 
ture cycles. Equally promising results have been obtained 
with a replenisher consisting of indirectly heated nickel mesh 
coated with a suspension of the active metal. Zirconium has 
so far been found the most satisfactory material. 


RESULTS 


Tonic bombardment heating has been applied in a number 
of rising sun magnetrons, operating in the 3cm and 8mm 
band, containing oxide as well as high-temperature cathodes. 
The hydrogen replenisher was mounted in an extension of the 
glass envelope and indirectly heated by means of a tungsten 
coil. The optimum hydrogen pressure varied from 5 x 10-4 
to 30 x 10-3 mm of mercury, depending on the geometry of 
the valves and operating conditions. The electronic mean 
free path at these pressures was of the same order as the 
mean inter-electrode space perimeter. Following the heating 
of the hydrogen source to the required temperature, the dis- 
charge could be initiated by application of either high voltage 
pulses (0:2-1:0 us) or a medium voltage direct potential. 
Cathodes were thus heated to emitting temperature in about 
10sec after which the hydrogen source was allowed to 
cool and hydrogen was reabsorbed. High-vacuum conditions 
were restored after another 10 sec. No difficulty was exper- 
ienced in heating cathodes to over 2000°C in this way. 
When direct current was used for starting, it was found 
advisable to use a current-stabilized supply as the anode 
current tended to increase extremely rapidly as the emitting 
temperature was reached. Owing to electron back-bombard- 
ment of the cathode this effect was cumulative and, with 
increasing cathode temperature, eventually led to the 
destruction of the cathode. 

The duty cycle range over which a given structure can be 
maintained at optimum operating temperature by back 
bombardment alone is comparatively small, particularly 
when cathode life depends critically on cathode temperature. 
It is possible, without appreciably affecting pulsed magnetron 
operation, to supply sufficient back-bombardment power by 
means of a medium-voltage direct current supply to obtain 
considerable extension of the duty cycle range. A practical 
method which was used successfully is shown in the figure. 
The direct current supply is adjusted by varying the screen 
voltage of the tetrodes V; and V4, and stabilized by the 
voltage developed across the resistor R; between grid and 
cathode. Condenser C, isolates the direct current supply 
from the pulse transformer and provides a low-impedance 
path for the high-voltage pulse applied to the magnetron; 
diode V, provides pulse isolation of the direct current supply. 
Between pulses, C, can discharge through diodes V, and Vp. 
As the direct voltage applied to the magnetron is of the 
same polarity as the high-voltage puyse, a conventional 
average pulse current meter reads the sum of continuous and 
average pulse currents. These can be separated, however, as 
shown in the diagram. The choke L; provides a low resistance 
direct current path but presents a very high impedance to the 
0-2 ps pulse. The direct current resistance of the branch 
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containing the neon tube V7 and the copper oxide rectifier is 
high, while the pulse impedance is low. Meter M, therefore 
reads the average pulse current, while meter M> reads the 


continuous current. 
Ion bombardment heating has also been used successfully 
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Circuit for combined direct current and pulse operation 


R; = 20 Q, 10 W high stability Cy; = 0'1 vF,SkV 
Rz = 500 Cz = 0-1 uF mica 
R3 = 70Q C3 = 4uF 

Rg =3MQ C4 = 50 pF, 10 kV 
Rs = 600 kX Cs = 200 pF 

Ro = 10kQ Cp = 4 uF, 5kV 
R7 = 1:8kQ, 5 W C7 =1 uF, 5 kV 


for processing and outgassing of cathodes prior to seal-off. 
The valves, in permanent or electromagnets, were isolated 
from the vacuum pump while hydrogen was admitted from a 
replenisher sealed into the vacuum system. When, following 
initiation of the discharge, the cathode attained the tempera- 
ture required for thermionic emission, the pump was re- 
connected and any gases evolved from the cathode structure 
were then pumped away while the cathodes were maintained 
hot by electron back-bombardment alone. 


DISCUSSION OF RESULTS 


Several factors may be expected to govern the life of a 
valve incorporating ion bombardment heating: 

(a) Clean-up of hydrogén and absorption in other parts of 
the valve. 

(b) Aging effects reducing the solubility and rate of 
absorption of hydrogen by the replenisher. 

(c) Deterioration of the replenisher due to contamination 
by other gases in the valve. 

None of these effects has been observed after life-testing a 
number of valves, all of which, after more than 1000 starting 
cycles, eventually failed from other causes. Clean-up of 
hydrogen by other valve components was negligible. This 
was probably due to the fact that, since the inter-electrode 
space represents a small fraction of the total valve volume, 
only a very limited number of the hydrogen molecules in the 
valve envelope were ionized during the short starting period. 
With careful processing and outgassing prior to seal-off, the 
evolution of gases from the cathode structure during life was 
minimized and no deterioration of the replenishers has been 
observed in practice. 
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SF as PAO) Vz = CV188 (striking voltage 140 V, ‘3 

5 — 20k running voltage 70 V) 
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he normal photography of a selected event occurring 
jithin a single period of a rapidly recurrent process presents 
ifficulties if the process is not one that is mechanically linked. 
e problem is apparent when trying to record the detach- 
ent of an air bubble from its jet under water. If the bubble 
ite is about thirty-three per second, the period is 30 ms; 
me time, however, between the moment of detachment and 
then the bottom of the bubble is, say, 1 mm above the jet, 
may be of the order of 100 us. Since bubbles do not form 
» Practice with such mechanical regularity that the bottom 
* each one is | mm above the jet every 30 ms, many ex- 
issures may have to be made in the endeavour to record this 
Fecise event. The ultra-high speed camera is wasteful of 
fm when only a few frames are required from several feet, 
serefore another method was evolved. This uses a single 
posure camera in conjunction with standard stroboflash 
uipment. Certain modifications are, however, necessary 
the stroboflash is to control the photoflash exposure, 
scause of the slight irregularity in the emission of the bubbles 
hich are normally illuminated at precise intervals. The 
,odification consists in arranging for the flashing rate to be 
“ntrolled by the event to be recorded, and.synchronizing this 
‘ith the photoflash unit used to take the picture. 

The illuminating system is shown in Fig, 1 and a block 
ragram of the complete arrangement is illustrated in Fig. 2. 


se} 
Fig. 1. Method of illumination 


| A, light source; B, stroboflash; C, observation cell; D, photo- 
| flash; E, photocell and amplifier; F, camera. 


screenO 


slit 


| e eee =e) 
infra-red 


filter 
Fig. 2. Block diagram of stroboflash equipment 


| A, stroboflash unit; B, photoflash unit; C, light source; 
_ D, observation cell; E, amplifier; F, cathode-ray oscilloscope. 
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Single exposure photography of a high speed event 
By K. R. Tuson, Admiralty Materials Laboratory, Holton Heath, Poole, Dorset 
[Paper received 8 September, 1954] 


A method is described whereby conventional stroboflash and photoflash equipment can be used 

to provide a series of photographs of a recurrent event which cannot be mechanically linked to 

trigger the flash. Photoelectric triggering capable of accurate visual control and adjustment is 

therefore provided and the method has been satisfactorily applied to a study of the formation and 
behaviour of bubbles rising from a submerged orifice. 


- A parallel beam of light from a light-tight projector passes, 
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first, through an infra-red filter in order to avoid specular 
reflexion. The beam passes on through a tube fitted with a 
slit at the end nearest the observation cell in which bubbles 
are generated. The very thin horizontal beam then traverses 
the liquid and impinges on to a selenium resistance cell. 
The latter is connected to a conventional amplifying and 
pulse-shaping circuit, the signal from which passes to the 
input of the stroboflash unit, which in turn is coupled, via a 
switch, to the photoflash unit. Thus the stroboflash unit is 
supplied with the necessary steep-fronted pulse each time a 
bubble interrupts the beam of light. The apparatus on either 
side of the observation cell is mounted on a platform so that 
the beam can traverse any position between the jet and the 
surface of the liquid. Since the flash is now triggered by the 
arrival of the top of a bubble at the light beam, it is possible 
to record any event within the precision of movement of the 
platform. For convenience in observing regularity of per- 
formance of the apparatus a double-beam oscilloscope may ~ 
be used to monitor the signals. Plate Y, is connected to the 
amplifier output and Y, is connected to the stroboscope out- 
put, the scanning rate being adjusted to the bubble rate. To . 
reduce specular reflexion from the photoflash, a piece of thin 
paper is placed between it and the observation cell. In this 
connexion, a few remarks are necessary on illuminating 
technique if the best photographic prints are to be obtained. 
The observation cell is made from perspex sheet. The 
thickness of the front and back is 1/16in., the sides { in. 
and the bottom 2 in. Use is made of the property of perspex 
whereby light is transmitted through a reasonable length 
without much loss of intensity. A photograph, taken without 
any screening of the cell whatever, is flat and shows con- 
siderable specular reflexion. This is due to the high power 
flash passing through the rear edge of each side and the 
resultant reflexions illuminating the sides of the bubble. By 
using black tape of various widths, placed in different 
positions, almost any form of optical contrast can be recorded. 
In the case of the photographs illustrated here (Fig. 3), the 
tape was placed at the edges of the two sides and round the 
back so as to cover the thickness of the side pieces of perspex. 
The thickness of the bottom piece of perspex was also covered 
to avoid undesirable illumination of the glass jet and under- 
side of the bubble. It will be seen that good boundary con- 
trast is obtainable; the light tone in the middle of the bubble 
is from the open space between the side tapes, the parallel 
lines being distorted, of course, by the shape of the bubble. 
The tapes are seen to better advantage in the bore of the jet, 
the diameter of which is clearly indicated by the outer edges 
of the two black streaks. By combining a good optical 
contrast with a paper of appropriate photographic contrast, 
one is able to make dimensional measurements from the print 
to a considerable degree of accuracy. 

The procedure for obtaining records is both simple and 
rapid. In a darkened room the stroboflash is switched on 
and the bubble rate adjusted. The bubbles are “‘arrested”’ in 
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the first place by manual control and the beam moved to its 
approximate position. The stroboflash is switched to the 
external, i.e. automatic, control and final adjustments made 
to the bubble rate and beam position in order to hold steady 
the exact picture required, which can now be continuously 
observed. The camera is swung into position, focused, and 
the shutter opened. Exposure of film, such as Pan F (by 
Ilford Ltd.), to the relatively weak red light of the strobo- 
flash for a few seconds, does not affect the clarity of the final 
pictures. The switch controlling the photoflash is closed and 
a record is obtained the next time the stroboflash discharges, 
the two flashes being simultaneous. The process can be 
repeated by slightly raising the platform and a record is 
obtained of the phenomenon a fraction of its period later. 
The type of record obtained is shown in Figs. 3(a), (5) 
and (c); the marks on the background are small bubbles 
arising from the turbulence of the liquid at the high bubble 
rate in operation. It will be observed that while the major 
part of the outline is sharp the point of the bubble is blurred, 
as seen more clearly in the enlargement, Fig. 3(c). The 
duration of the flash was about one hundred microseconds 
and it shows, therefore, that there is a very fast movement of 
the bottom of the bubble compared with the top. Since 
knowledge of these relative movements of the bubble envelope 


A method of measuring the intensity distributions of radio-frequency) 
electric and magnetic fields in resonant cavities | 


By J. G. Linnart, Ph.D., Dipl.Ing., and T. H. B. Baker, B.A., Grad.Inst.P., Research Laboratory, British Thomson-Housto 
Co. Ltd., Rugby 


[Paper received 18 October, 1954] 


A method is described whereby the intensity distributions of the radio-frequency electric and 

magnetic fields in a resonant cavity may be determined in terms of the changes in both the 

resonant frequency and the Q-factor, caused by the placing of a small spherical bead of dielectric 
or ferromagnetic material at the relevant points in the cavity. 


The standard method of exploring radio-frequency field 
patterns in a resonant structure uses movable aerial or loop 
probes which couple out a certain amount of power, the 
latter being proportional to the square of the field intensity 
(E2 or H2) in the region occupied by the probe. It is evident 
that in order to couple power out of the resonant cavity 
(except when the investigation of the field is confined to the 
region close to the cavity walls), it is necessary to introduce 
into it a piece of coaxial cable connecting the probe to the 
detector. This may perturb the radio-frequency pattern and 
may detune the cavity by an amount sufficient to invalidate 
the intensity measurement. 


aamplitude 
Af 
(Ad) 


(0) (b) 


f f(ord) 
Af. ip 
(Add (AA) 
Fig. 1. Resonant curves of a cavity 


(a) empty; (b) containing a bead. 
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was required, a photoflash of shorter duration was not used, | 
Experimental data combined with measurements on th 
photograph showed that the time between events shown i 


(a) (b) (©) | 

Fig. 3. (a) Bubble just prior to release. (b) Bubble just 
after release. (c) Tail of (6) enlarged | 

5 

a 

Fig. 3(a) and Fig. 3(6) was of the order of 50 ps while the i 
actual bubble period was about 100 ms. ai 


ACKNOWLEDGEMENT 


A method will be described which dispenses with the link! 
connecting the actual probe to the detector. The method is 
based on the well-known effect that a piece of dielectric or 
ferromagnetic material when introduced in a resonant cavity, 4 
displaces the resonant frequency f of the empty cavity and t ] 
most cases also lowers its Q-factor. (A similar method, using! 
conducting materials has been described by L. C. Maier and |p 
J. C. Slater.) 1 

In this case use is made of the dependence of both the) 
resonant frequency displacement Af and of the increase in|é 
the width of the resonance curve A f’ (see Fig. 1), on both the) 
electric field strength E and the magnetic field strength H, 
according to expressions of the form: 


|E| = dAZ AS) 
|H| = WAs AS) 


The nature of these relations will now be explained. 


THEORY OF MEASUREMENT 


Consider the effect of a smail body within a resonant) 
cavity on the resonance curve of the cavity. The effect isl 
twofold. f 
_ (i) The resonant frequency f of the empty cavity is changed} 
by an amount 


Af=Af, + Af, (ia) 
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here, for a small spherical body having volume V, dielectric 
onstant € and permeability w: 
AL ~mVe—1 E2 ) 
fe 3) Ee De Wy 
— Af,  1V wo —V 
inere W is the energy stored in the cavity. (It is assumed 


hat A fis small compared with f, so that we may use f through- 
at for the frequency.) 


E = A,F (xyz) 
ad H = A_F (xyz) 


mm 


ihnere F’, and F,,, are normalized as follows: 


I F2dQ, = | F2dQ = 1 


D is the volume of the cavity). 


aS Ve—1 
men a, = 5 : a ae (1b) 
=A 
Nn SOV pe F2(xyz) (Ie) 


18 7 eR 


‘ere xyz are the co-ordinates of the centre: of the test- Tpady: 
if the material of the test-body has conductivity o 


a>0 


E is necessary to define new « and wp (the effective « and 
fe ective Le). 

The effect of non-zero conductivity on the effective € is 
erely to increase its value. Thus 


Ci 00s Asa Or = OO) 
e — | 

id == 1 

i EE oa 


| The effect of a conducting sphere on the magnetic field is 
' expulse the magnetic field lines from its interior, without 


coming a terminus of these lines. Thus 
pp>O as o> Oo, 
peeclae eet t 
d therefore eee oh Sh 


| If we take the « and p in the formulae (15) and (Ic) to be 

he effective « and yz of the sample it follows that (—A/f,) 

lay in some cases become positive. 

| The total relative displacement of the resonant frequency is 
Af ome 7 l  BO 5F2) 

ye Bae) Se Sie 2 

(ii) The other effect is due to the electric and magnetic 

psses within the body. These may be represented as follows: 

T = €9C, VE? — electric loss (watts) 


| U = poC,,VVH* — magnetic loss (watts). 
there Gland CG, . 

These losses alter the Q-factor of the cavity. 
| 1/0 = 1/0, + 1/0, + 1/0. 


there 1/Q, represents electric loss; 
1/Q,, tepresents magnetic loss; and 
1/Q, represents losses in the walls of the cavity. 
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(id) 


are constants. 
Thus 
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_ Now since 1/Q = Af’/f (where Af’ is the frequency 
interval between half-power points on the resonance curve), 
the equation for the Q’s may be written in terms of Af’. 


Thus AS if = ASIF + Aff + ALIS (2a) 
or Af =Afi + Af, + Af. 
Q, and Q,, follow from their respective definitions. 
(yee (27/00) EudQ)) / ip 
= (2rf/VC)Fe*(xyz) = fIAf; (28) 
and similarly 
OQ, = CrfiVC, Fn (v2) = FINS, (2c) 


Substituting (25) and (2c) into equation (2a) one obtains 
Af’/f = 1/0, + V(C,F2 + C,,F2)/20f 


Introducing the change in breadth Af” of the resonance 
curve, the last equation may be written as 


Af |f = V(C.F2 + C,,F2)/20f (2d 


The equations (1d) and (2d) express Af and Af” (both 
directly measurable quantities) in terms of ihe normalized 
electric and magnetic field strengths. Let us write these 
equations as 


Af = aF2 + BF2 (3) 
Af” = aF2 + bF2 (4) 
TV Cro Bei ay rae 
(where x = Soy, B re wo 


and let us solve these for F, and F,,. 


pee 


One obtains: 


ro CU GIG 
ee (6) 
or more concisely 
x = La/(Af— qAf’) (7) 
= M/(Af’ — as (8) 
where g = 8/b, p = oe B= (e—ga)*, = (b — pB)-1. 


We have thus obtained the required field ce F, and 
F,, in terms of the measurable quantities Af and Af”. It 
is not necessary to determine L and M since only the relative 
field strengths at different points in the cavity are required; 
p and q are determined by a separate experiment (Appendix [). 


EXPERIMENTAL TECHNIQUE 


G) Apparatus. To check the formulae (7) and (8), use can 
be made of a cylindrical cavity oscillating in the Eo,)9 mode, 
for which the distribution of electric and magnetic field is 
known. Power from a tunable oscillator is fed into the 
cavity through a coaxial cable and a loop probe. Another 
probe couples out power, which is rectified and amplified, 
and measured on a meter (Fig. 2). 

A small ferrite bead is suspended on a thread which passes 
through two diametrically opposed holes in the cavity wall. 
(In this case the ferrite had the composition 70% ferric oxide, 
20% zinc oxide, 10°% manganese dioxide, with a small amount 
of copper oxide added to aid sintering.) The ends of the 
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thread pass over pulleys and are joined to weights. The 
bead can be moved through the cavity by raising or lowering 
the weights, and the position of the bead is indicated by the 
position with respect to a fixed scale of a pointer attached to 
the thread (Fig. 3). 


CV 234 wavemeter 


3kc/s modulated Gs reve selective 


power unit 


cavity amplifier and 
meter 
Fig. 2. Block diagram of the measuring gear 


bead 


a 
SS SH 


eC OMURY, 


Fig. 3. Section through the cavity 


(ii) Procedure 


(a) The resonant wavelength A.of the empty cavity, and 
the wavelength separation AA of the half power points are 
measured, using a sensitive wavemeter (A and AA can be used 


Ox 


09! 
O8} 
Be 
O-6F 
0.5} 


O-47 


E and H (arbitrory units) 


t (cm) 


Fig. 4. Electric and magnetic field distribution in a cavity 
excited in the Eo;) mode 


Resonant wavelength of empty cavity = 9-3 cm; diameter of 


t 


bead = 6mm; radius of cavity =3-55cm; p= 0-075; 
q = 0-020 
= theoretical distribution; 
OOOO = experimental values. 
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in formulae (7) and (8) instead of f and Af, since |AS/f| 
|AA/A|). 
(b) The change in resonant wavelength, due to the intr 
duction of the ferrite bead at suitable points in the cavity, is 
measured. The wavelength separation of the half power 
points at each of these positions is also measured. 
(c) The constants p and q are determined for the test body 
as in Appendix 1. a 
(d) The electric field strength is calculated from expression }) 
(7) and the magnetic field strength from expression (8). 


CONCLUSIONS AND APPLICATIONS af 


(i) The method has been used to measure the field distribu- o 
tion in an Epo cavity, and good agreement was obtained with }) 
the theoretical distribution (Fig. 4). The slight discrepancy 
at the centre may have been due to the finite radius (3 m 


of the bead. 25> a 
(ii) Using a ceramic bead, the electric field distribution Ir 


a cavity oscillating in the H4;) mode has been investigated i) 
and found to agree well with the theoretical distributiom: 
(Fig. 5). | 
0-08) i 
O:O7 PeaaN : | 
een i 
fen O Ob i 4 ei 
5 iy : 
2 O1OS); ye 3] | 
5 004 y 
Ss | VA Zr a 
us 0-03 [xo \ 4 
0:02 be \ 3 : 
exe) oe 4 
O07 Sa ee YS) Exo ft 
r (cm) A 
Fig. 5. Electric field distribution for a cavity excited in — 


the H4;) mode 
Resonant wavelength of empty cavity = 3:05 cm; diameter of 
bead = 3 mm; radius of cavity = 3:2 cm; height of cavity = 
*//Cm: 


nb 4 asia ob Iti oe 


Ton 


e = Es { theoretical distribution. y 
1] = E, \ for simple cylindricai cavity a 
x = Es { experimental distribution. : 
A = E, )\ for actual cavity. 


(iii) Using a ceramic rod inserted into the slots of a 
magnetron anode block, the resonant field patterns of the! 
block have been investigated. This suggests that the method! 
may be used in place of rotating probe measurements on} 
magnetron anodes. 2, 

(iv) The method is also helpful in calculating the current: 
excitation of cavities having complicated geometrical shapes. 


(See Appendix 3.) 4 
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APPENDIX 1 


Measurement of p and q 


In order to find p and q, we use the bead in a cavity which 
nas a known distribution of E and H, and measure Af and 
Nf” at two points. 

Then using equation (8) 


Ay/HS = r, (say) = (AS/’ — pAS)AL’ — pAf) 
= SUNG Fe SVAN 8) ONG Feet TAGES) (9) 
Similarly, using equation (7) 
EG/EZ = r, (say) = (Af, — @AS I/(Afh— qAf) 
q= (Af, — nAA)IAL’ — rn AL) 


| If one measurement is taken at a point where the magnetic 
Wield is zero, then r, = 0 and 


' p= ASIAN x0 


hence 


| whence (10) 


imilarly, if a measurement is taken at a point where the 
iectric field is zero, then r, = 0 and 


q = (ASIA g~0 


| APPENDIX 2 
i Accuracy of measurement 

f The fidelity of the measurement is limited by two factors. 
{| (1) The volume of the bead. The larger the test-body the 
emaller is the accuracy with which one may relate the unper- 
terbed E and AH to a particular point xyz, as the measured 
Field Fis in fact the E-field (or H-field) integrated and averaged 
over the volume V. 

(2) The ratio Af/f. The accuracy of frequency measure- 
hnents is proportional to Af/f. 

' It is thus obvious that a compromise must be found between 
the volume of the test-body and the relative frequency 


It is also interesting to note that this problem illustrates 
he principle of complementarity well known in information 
theory and quantum mechanics. As the product of two 
‘complementary quantities must yield a constant of the 
measurement, we find in the case of a dielectric non-lossy 
sphere that: 

aimee el 

a iE constant 


Niort 

aed 
In this constant only ¢ is at our disposal and thus one 
chooses € as high as possible. It is important to remember 
that the function F(xyz) derived from measurements using a 
spherical test-body does not give any information as regards 
the vector character of the E(xyz). 
Such information may be gained either from the knowledge 
jof the general form of the pattern investigated or one may 
use a disk-shaped test-body. In most cases, however, the 
latter refinement of the measurement is not necessary. 


APPENDIX 3 
Comparison of mode patterns in different cavities 


| The method of measuring the field strength in a resonant 
lsystem described in Appendix 2 is eminently suitable for 
making a comparison of the field strengths in metrically 
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different but topologically identical cavities, given equivalent 
excitations. 

Let us consider two cavities, the second of which may be 
evolved from the first by a continuous deformation of the 
walls. Let us also consider a mode M, (frequency /,) of the 
first cavity which due to the deformation of the walls will 
pass into a mode M, (frequency >) of the second cavity. If 
the excitation of both modes is the same, i.e. if the input 
radio-frequency energy W in both cases is the same, we shall 
have for the stored energies W,,> 


Vex WOQ,/ 2m fi 
W, = WQ,)27 fy 
where Q; 5 are the Q-factors of the respective cavities. 
According to equation (1b) the field strengths are: 
EX = Cy. W,. AA, /A, 
E3 = Cy. W2. AAg/Az 


3( 2 
where Cy = > 2 = constant, depending only on the 
mV(e — I) volume and dielectric constant 
of the test-body. 
AAA, Or/f; 
Thus E/Es = 4] ( eel 
JEa=\ (aun, Oh) 
Therefore Ej Eo = Ce : 5) 
2-Yo 


One may also consider an excitation by a constant current 
element J//, where J is the magnitude of the current and / is 


the length of the current element. Then 
W, wie ej. I; 
W, ele @>. Ll, 


where e,, € are the electric field strengths at the place of the 
current element //, 5. As before the e; and e, are given by: 


oS Cia 
ee — (Coy WAAg/A> 


but now the stored energies are 
(assuming that ey A lj = 0,e2 A b = 0). 


W, = W,O,/27f, = eh Q,/27h, 
Wy = WQ,/2t1 fy = CplyQ)/27 fy 


from which the ratio e,/e, = 1,Q,AAj/fQ AA. 

These formulae may be used with advantage in cases where 
the output power W, (in a given mode) is known for a par- 
ticular system (usually a single resonant structure excited by 
a linear or circular current J) and one desires to calculate the 
output W, for the same current excitation / but for a different 
shape of the resonant cavity. 


Then 
W/W ae Tel, [Tels == Ad, O,12/AA,Q>/3 =. 
and therefore W.= yW,. 
REFERENCES 
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[Paper received 5 August, 1954] 


An account is given of the growing of single crystals of lithium iodide for use as scintillation 

detectors of slow and resonance energy neutrons. 

been tested and their relative merits are presented. 

compared with a standard sodium iodide crystal. J 

crystals to neutron counting and the limitations imposed by their sensitivity to 
discussed. 


Lithium iodide, when suitably activated, will scintillate under 
slow neutron irradiation as a result of the SLi(n, «)°H reaction 
in which the «-particle and triton share an energy of 
4-79 MeV. By analogy with Nal(Tl), which is an efficient 
phosphor, the first activator to be tried was thallium™ ; 
however, the phosphor produced had a very non-uniform 
activator concentration resulting in poor energy resolution. 
As will be explained later, a practical lithium iodide neutron 
detector must exhibit good energy resolution to facilitate 
discrimination against the background of y-radiation 
encountered in most neutron measurements, so that this 
phosphor is of little use. Subsequently uniform activation 
was achieved with tin,:3) europium and samarium. The 
present work is concerned with the growing and testing of 
these three phosphors. 


CRYSTAL GROWING 


Using vertical growing ovens of the type introduced by 
Stockbarger,“) single crystals of lithium iodide up to 5cm 
diameter by 7cm long have been grown in this laboratory. 
A commercial grade of lithium iodide is vacuum dehydrated 
and the product ground to a powder to facilitate filling the 
Pyrex glass capsule or growing tube. This capsule is tapered 


Table 1. 
Crystal Lil(Sn) 
Activator concentration (mole °%) 0-05 
Colour of fluorescence Green 


Appearance in daylight Yellow-Green 


15% (6260) 
12% (5819) 


Ayerage energy resolution for neutrons 


Best recorded energy resolution for 
neutrons 


11% (5819) 


Equivalent neutron energy release (MeV) 4-0 
Relative pulse heights using Nal(Tl) as 

standard and '!3°7Cs source 75 
Decay time (1s) 0-8 


Stability of crystal (after canning) 


by radiation 


to a capillary at the base to initiate single crystal growth. 
The appropriate quantity of activator is added and the 
capsule placed in a vertical cylindrical oven where the contents 
are melted under vacuum and kept at 500° C for an hour 
before sealing off. It is then transferred to the growing 
oven and lowered through the temperature gradient at a 
suitable rate, this being 1-0 mm per hour for 5 cm diameter 
crystals. 
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Summary of crystal characteristics 


Chemical change with time 
under storage: accelerated 


Berks. 


Tin, europium and samarium activators have 
Where possible the phosphor properties are 
The practical application of lithium iodide 

y-radiation are 


After the growing is complete the capsule is placed inverted js 
in a large glass test tube, which in turn is evacuated and a 
placed vertically in an oven held at 550° C. Here the surface }9 
of the crystal melts and the latter slides down into a wider ¥ 
portion of the capsule. The crystal is then ready for anneal- | 
ing, which takes twenty-four hours in a controlled run down al 
from 350° C to room temperature. Et 

Prior to canning, the crystal is cut to shape with a wet by 
string cutter and the surfaces dry-ground with grade 0 emery tf 
paper. It is then mounted in a thin-walled aluminium can jh 
which has a glass window sealed in with cold-setting Araldite jj 
type 101, the optical joint between the crystal and the quartaa 
being made with silicone oil type MS 200. The space remain- | 


PHOSPHOR PROPERTIES 


an 
The salient properties of the lithium iodide phosphors 
activated with tin, europium and samarium are summarized } 
in Table 1 and compared with data for a standard sodium 
iodide crystal. The tests were made with a scanning kick-_ 


sorter similar to that described by Owen.7 A 200 me [fi 


Lil(Eu) Lil(Sm) Nal(T1) 
0:03 0:02 0-05 
Blue Blue Blue 
Almost colourless: Colourless Colourless 
fluoresces with blue 
tinge at edges 
127. Insufficient — 
data ‘3 
ies 13= 3% ae 
4-1 3:6 = 
35 3-3 100. - 
1-4 OF25 0-34 
Stable Deteriorates under Stable 
irradiation - 


polonium—beryllium source was used for neutron measure- | 
ments and a !37Cs y-ray source was used for energy calibration | 
purposes. =| 

Referring to the table it can be seen that Lil(Eu) has a_ ; 
light output five times greater than that of Lil(Sn). Therefore 
it. is reasonable to expect a better energy resolution for the © 
europium-activated crystal. Schenck) reports a resolution | 
of 6%; in our case 11-5% is the best so far achieved. 


BRITISH JOURNAL OF APPLIED PHYSICS 


| The decay times were determined by plotting neutron kick- 
jorter curves, for a series of amplifier differentiation time 
onstants. It may be shown that 


ViV> = Ie 


here V is the output pulse amplitude when the differentiation 
ime constant equals the phosphor decay time and Vo is the 
»utput pulse amplitude when the differentiation time constant 
*f the amplifier is large. (An A.E.R.E. type 1049 B amplifier, 
i ith a differentiating time constant adjustable between 0-08 
pad 8 ys was used in these experiments. All other differentia- 
fF g time constants, e.g. the photomultiplier anode circuit, 
were greater than S50 ws.) By plotting the pulse height against 
e differentiation time constant a curve is obtained which 
symptotically approaches Vo. The decay time constant 
nay then be obtained using the condition stated above. 

| The short decay time of the samarium-activated phosphor 
ould facilitate fast counting if its light output could be 
mncreased, but at present equivalent results may be obtained 
rom Lil(Eu) using a short amplifier differentiation time. 

| Two types of photomultiptier were used, the EMI 6260 
knd the RCA 5819. Li(Sn) gave better energy resolution 
rvith the type 5819 than with the type 6260. This is to be 
#xpected as the type 5819 has a higher sensitivity in the green 
ad affords a better match with the emission spectrum of 
I(Sn). The other phosphors, however, have emission 
Epectra which have a peak in the blue, where these photo- 
multipliers have approximately equal sensitivities. 

It is seen from the table that when an energy calibration is 
nade with the 0:66 MeV y-rays of !37Cs, the recorded energy 
release of the Li(n, «)3H reaction is in the region of 4:0 MeV, 
Pnich is 20% lower than the accepted value. This result is 
jue to a saturation effect in the phosphor, whereby the light 
}utput is no longer linearly related to the energy lost by the 
ncident particle. 


PROPERTIES AS A NEUTRON DETECTOR 


The chief advantage of a scintillation detector over other 
forms of counter is its high efficiency per unit volume. The 
theoretical counting efficiency as a function of crystal thick- 
ess for a number of neutron energies is given in Fig. 1 
where it is seen that a 1 cm thick crystal is 65% efficient for 


ee ce 


0-025 eV 


@ 
© 


o> 
fe) 


A 
OQ 


Neutron counting efficiency (%) 


nN 
2) 


Gree 170". 30. 40 
Crystal thickness (cm) 
Fig. 1. Calculated neutron counting efficiency as a 
function of crystal thickness for energies between thermal 
and 10eV. Neutron capture by the iodine has been 
included in the calculations 
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thermal neutrons. It is important to note, however, that 
lithium iodide has the same y-detecting efficiency as a sodium 
iodide crystal of equal weight, and this will limit its applica- 
tions. In order to discriminate against interference pulses of 
comparable height arising either from attendant y-radiation 
of 4 MeV energy, or indirectly from the pile-up of large 
numbers of pulses corresponding to a lower energy, the pulses 
arising from neutron capture need to be sharply defined in 
amplitude. As pointed out in the literature) this necessitates 
the maximum light output per pulse in addition to the uniform 
activator concentration mentioned above. 


DISCRIMINATION BETWEEN NEUTRONS AND 
y-BACKGROUND 


If a lithium iodide crystal is tested under more realistic 
conditions, i.e. with both neutrons and y-radiation present, 
the channel count rate rises rapidly at a pulse amplitude 
below the neutron peak as shown in Fig. 2. As the y-flux 


lO 1 
8} | 
L neutron 
x- background’ pea | 
65 


Relative channel count rate 


25 30 


© IS 20 
Pulse height (V) 


(1) Typical kicksorter curve for a Lil(Eu) crystal 
irradiated by thermalized neutrons from a polonium-— 


Fig. 2. 


beryllium source. (2) Curve showing the count rate, 
at pulse heights less than the neutron peak, due to 
y-radiation from an unshielded radium source. The 
composite curve is for a total neutron rate of 10 counts/s 
and a y-radiation dose rate at the crystal of 10 mr/h 


is increased pile-up will become noticeable and the situation 
may well arise where the y-count at the neutron pulse height 
is comparable with the neutron count itself. The degree of 
pile-up is a function of the pulse width and may be reduced 
by shortening the differentiation time. However, when the 
latter is reduced to a value less than the phosphor decay time, 
serious attenuation of pulse height occurs with a consequent 
worsening of the resolution. 

Due to the wide range of y-energies existing in practice it 
is very difficult to calculate the point at which the build-up 
becomes significant, so an experiment was performed using 
a Lil(Sn) crystal and an unshielded radium source. The 
amplifier differentiation time was set equal to the phosphor 
decay time, in this case 0:8 us. A polonium—beryllium 
source provided neutrons for an initial bias curve in the 
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absence of y-radiation. The radium source was then moved 
in steps toward the crystal and a bias curve obtained for 
each y-intensity. The data obtained is presented in Table 2. 
It must be noted that these results are accurate only for a 
Lil(Sn) crystal 2cm diameter by 2cm long placed in the 


Table 2.. Integrated y-radiation interference rate (counts/s), as a function of pulse height for a number of y-radiation 
dose rates 


(In the case considered the corresponding neutron “neak’’ occurred at 15 V) 


Dose rate (mr/h) 5 10 20 
10 12 22 
lpes 0-7 5 

Pulse height (V) 4 15 0:06 0-15 
175 = us 
. 20 — — 


y-flux from a radium source. However, they should provide 
a useful guide where the conditions do not differ too 
drastically. 

It may also be noted that neutron-induced iodine activity 
contributes to the background count, but in a constant 
neutron flux is not important for energies less than 20 eV. 


CONCLUSIONS 


An assessment of the lithium iodide phosphors may now 
be made. It has been pointed out that in addition to being 
efficient neutron detectors, they have a y-response similar to 
that of a sodium iodide crystal of equal weight. For 
y-radiation of energy less than 2 to 3 MeV, an intensity of 
20 mr/h is the most that can be tolerated for a neutron count 
of the order of ten per second. Where the y-energy exceeds 
3-5 MeV direct interference occurs and the ratio of y-radiation 
to neutrons must be small. 

The y-sensitivity could be reduced by using a lithium- 
bearing phosphor of lower atomic weight. In this regard 
crystals of pure lithium fluoride have been tested and give 
weak scintillations under thermal neutron irradiation, but no 
suitable activator has so far been reported. A further 
improvement would result from the use of ®Li enriched 
material. For a given neutron efficiency the crystal volume 
could be decreased with a corresponding reduction of the 
y-interference. 

Summarizing the relative merits of the crystals at present 
available, one concludes that Lil(Eu) is the most useful. The 
tin-activated crystals may be fairly readily grown and are 
capable of good energy resolution if used with a type 5819 
photomultiplier. Conversely their emission spectrum does 
not match the type 6260 photomultiplier and also their 
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chemical instability makes them unsuited to long-term use. 
The samarium-activated crystal matches the type 6260 and li 
has the advantage of a short decay time, but is difficult to” ) 
grow and appears to have a small light output. On the- 
other hand the europium-activated phosphor is fairly easy to jf 


50 100 ~—-209 500 1000S9 4) 3 
100 = = = — 
10 23 45 = — 
1-4 3780510 37 2s 
2 0-09 « 0:30 . 1:2 7 26 
a 0:02. 0-08 *0-7 4 


grow, has a resolution at least as good as Lil(Sn) and matches | DI 
the type 6260 very well. In addition it appears to be chemic- pf 
ally stable in the sense that it does not deteriorate once canned, § 
making it suitable for long-term use. Provided that its i 
y-radiation sensitivity can be tolerated Lil(Eu) constitutes a 4: 
first-class scintillation detector for slow and resonance energy © 


neutrons. 
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Electrical breakdown at very low gas pressures 


as discharge phenomena at the pressures used in particle 
elerators differ, in general, from those encountered in the 
brmal discharge, since they occur at the pressures for which 
e mean free paths of the gas particles are comparable with 
le dimensions of the apparatus. It is the purpose of this 
bte to examine, in terms of atomic collision data, two 


iarges. The first problem concerns the validity of a proposed 
terpretation of an observed breakdown anomaly, the second 
|to estimate at what pressure breakdown would occur if it 
pre due:solely to ionizing collisions in the body of the gas. 
| her effects, such as those due to X-rays, which must be 
ensidered in a general solution of the problem of breakdown, 
Eve been ignored in order to obtain order of magnitude 
“imates relating to one simple process. 

‘An anomalous gas-discharge phenomenon has_ been 
ported in which the electrical breakdown strength increases 
:th increasing pressure at unusually low pressures. Specific- 
iy the breakdown voltage increased from 60-70 kV with 
<reasing pressure in the region of 10~4mm of mercury in 
He case“) where the electrodes were spaced 2 cm apart in 
fr, in another case®) it rose from 130kV at 5 x 10-°>mm 
* mercury to 500kV at 25 x 10°-5mm of mercury with 
40cm air gap. The effect has also been noted in 
ecurogen. 

'An explanation has been advanced®) in the following 
‘ms: a thin column of particles, presumably emanating 
im some local electrode irregularity (though no precise 
echanism is postulated), strikes the second electrode and 
laintains a small ‘“‘hot-spot.’? Secondary emission takes 
ace from this area and provides the breakdown current. At 
ressures greater than a critical value the bombarding particles 
te all scattered out of the column, thus preventing the 
laintenance of the “‘hot-spot’’ and increasing the breakdown 
ength. 

For calculation purposes it will be assumed that 50 kV 
applied between plane electrodes with a spacing of 5 cm. 
If a particle leaves one electrode with zero energy, is 
itcelerated over a distance s by a uniform electric field 
aintained between the electrodes and then undergoes a 
bilision in which it loses an amount of energy eAV and is 
bfiected through an angle @ then, assuming it makes no 
irther collisions, a relation may be found connecting the 
irious parameters with r, the distance from the original 
Irget point to the actual point of impact with the second 
lectrode. If r is to have a certain minimum value ro this 
yuation will determine minimum and maximum values, 6, 
hd 6, of the angle @. 
|The total probability that the particle is scattered outside 
he circle of radius rp is given, to a good approximation when 
jis small, by: 


| 


1 02 


P(r) = 2aN Fae +f) | ax | 1,(8) sin 0d (1) 


0 C1 


Ihere N is the number of molecules/em3 at S.T.P., p is the 
hs pressure in mm of mercury, d is the electrode spacing, 


= s/d, 1,(@) is the partial cross-section for collision between 
te charged particle and a gas molecule as defined in 
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NOTES AND NEWS 


Correspondence 


reference (4) and (% + J) denotes summation over all types 
of collision. 

Equation (1) is invalid for P(*9) > 1. For values approach- 
ing unity a correcting factor is necessary, this factor approxi- 
mates to 4 when P(ro) = 1. 

The evaluation of equation (1) in the general case presents 
some difficulty and further simplifying assumptions are 
necessary. For elastic collisions between electrons and 
hydrogen atoms the calculation was carried out for the three 
cases rg = 0, 0:0005 and 0-005 cm, corresponding to defocus- 
ing areas of 0, 8 x 10-7 and 8 x 10-5 cm, the relative 
probabilities being 11, 10-5 and 9. Since we are dealing with 
a diffraction phenomenon the same relative probabilities apply 
to the case of elastic collisions between protons and hydrogen 
atoms if the areas are scaled down in the ratio m, :m, = 
1 : 1860. 

The actual size of the postulated ‘“‘hot-spots” is a matter 
for speculation, but the view is here adyanced that they 
would certainly be no larger than 10~%cm? and probably 
much smaller. Since the probability of defocusing by elastic 
collision is so little dependent upon the defocusing area 
within this upper limit, and assuming that the angular depen- 
dence for other types of collision is not vastly different, it is 
possible to simplify the calculations by evaluating for zero 
area in each case. This means that we are now dealing with 
the total collision cross-sections Q,, and equation (1) becomes: 


Vo 
Peal Se d Mei 
P(o) => 760 ce De| Q,( V)dv =r de Qrotal (2) 
0 


Using published data“ 5) we find for electrons in hydrogen: 


Onn Ona? rap = 8:8 x02" cm2) 


hence, assuming that P = | corresponds to complete defocus- 
ing, our estimate for the critical pressure in this case is: 


DP. =~ 1:2 mm of mercury. 


Data is less complete in other cases but for electrons in 
oxygen or nitrogen we estimate: 


Orta ~ 09° Tma, and p, ~ 0-2 mm of mercury. 


In the case of positive ions, available information is still 
more meagre and a new process, charge exchange, has to be 
taken into account. Slightly extrapolating experimental 
results obtained by Keene) for ionization and charge 
exchange cross-sections, and assuming that the relative 
importance of elastic, excitation and ionization collisions is 
much as for the electron case, we find: 


for Hy in hydrogen: Ojoiq; ~ 87a, p, ~ 16 x 10-3 mm 
of mercury 


6 X 10-3 mm 
of mercury. 


[2 


207a2 p, 


[2 


N+ in nitrogen: Qyorai 


Comparison of these figures with the experimental results 
quoted above shows that the proposed mechanism is ruled 
out altogether if electrons are to constitute the particles of 
the defocused beam. Using the results for NJ in nitrogen 
the estimated critical pressure is more than an order of 
magnitude greater than the observed value. In view of the 
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approximate nature of the calculations, the possibility that 
the collision cross-section data may be in error, that the 
criterion employed (complete scattering of the column of 
particles) is certainly too severe and that unknown con- 
taminants may affect the experimental values, this is not an 
impossibly large difference, but we conclude that it is im- 
probable that positive ions could be defocused in the way 
suggested and give rise to the observed increase in breakdown 
strength. 

A process that must be taken into account in certain 
circumstances is the catastrophic reproduction of charged 
particles due to ionizing collisions. An estimate (relating to 
the same electrode spacing and applied voltage as mentioned 
earlier) of the pressure at which this form of “‘avalanching”’ 
would occur is an interesting by-product of the above 
calculations. 

With electrons the probability of ionizing collisions falls 
off very rapidly at energies exceeding 100 eV (see Fig. 1) and 


lonization cross-section 
— 
SE 


(2) 


y Energy (keV) 


5O 


Fig. 1. General form of ionization cross-section/energy 

curves; (a) for electron/neutral collisions; (b) for positive 

ion/neutral collisions. (Curves are schematic only and 
vertical scales are not identical) 


it will be a good approximation to assume that the integrated 
probability over the whole path, P{, is concentrated very 
near the beginning of the path. Assuming the liberated 
electrons to have zero energy, and ignoring effects due to the 
liberated positive ions, the number of electrons deriving from 
an initial electron will be given approximately by: 


14+ [Pe] + [Pep + [Pep t...=—1-Pe°}'! @® 


This expression is obviously inexact since (a) the number of 
terms in the series must in fact be finite, and (b) P‘ will 
decrease, though very slowly. However, a fair deduction is 
that there will be a large multiplication factor when P\ 
exceeds unity [see Fig. 2(a)]. 

For positive ions the position is very different. Here the 
ionization cross-section increases nearly linearly with energy 
up to 50 keV (see Fig. 1). To gain a crude estimate of the 
number of ions resulting from one original positive ion 
starting at rest from the anode, we again assume that the 
integrated probability of collision over the whole path is 
concentrated at the centroid of the cross-section/position 
curve. On this assumption the original positive ion produces 
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P‘+) new ions at a point 2d/3 from the anode. Extending the i 
argument these P{+) new ions produce [P}*)]?/3° further}) 
ions at a point 8d/9 from the anode and so on [see Fig. 2(b)), j 
Thus, ignoring effects due to the liberated electrons, the) 
number of positive ions per initial ion is given by: i 


1+ [PP] + of PMP + BPIPP + ... (il 
where: my 


a= 3-2 he 8 xy Ae OR eae 


= original ti 
original Pi} pore? hs 
electron eye i i 
(i) n; 


Cathode 
Anode 


(Pi)? ions 
b (Pi)? ions 


(b) 


Fig. 2. Idealized representation of sequence of ionizing 9 
collisions assuming: (a) an electron starts from cathode a: 
with zero velocity and ignoring effects due to positive » 
ions; (6) a positive ion starts from anode with zero © iy 


velocity and ignoring effects due to electrons 


The argument has been over-simplified by assuming that} 
the new ions produced at each collision have zero energies.) 
The values of the coefficients are less obvious in the moreph 
general case but we estimate for the other extreme case, in|) 
which all the energy is transferred to the new ions, that: 


a~Q)'b~ 6)A,¢% 6x 67!,d~ (6x 6 x 12) ae 


Since both series are highly convergent and since the actual} 
energy must be somewhere between these extremes it follows 
that multiplication of positive ions by this process can hardly 
be termed catastrophic unless P{*) itself is very large. | 

So far we have considered separately collisions between# 
electrons and neutral atoms and between positive ions andi 
neutral atoms. We may, however, combine the arguments{é 
and find that a single positive ion starting from rest at the) 
anode produces approximately: ae 


PAN id PN 
fi Phe is Fer 


bleep 
[i= Pep 


ee 


further ions and electrons, the coefficients being as above. 
This expression introduces no new features and it is obvious! 
that multiplication becomes very large only for P®) ~ 1 or 
for large values of P‘+). ie 

From calculations related to the previous ones it is found 
that, for hydrogen, P’ ~ 1 corresponds to a pressure of} 
1:5mm of mercury and P\+) ~ 1 to one of 0:05 mm of 
mercury. It is evident that the critical pressure for 
‘“‘avalanching”? must be between these limits. To an order? 
of magnitude we thus estimate the critical pressure for} 
“avalanching” in hydrogen due solely to ionization by} 
collision at 0-5 mm of mercury. In the case of oxygen or) 
nitrogen the estimate is 0-1 mm of mercury. ; 
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» should again be emphasized that these estimates relate 
the specific discharge conditions stated above (50 kV 
lied between plane electrodes with a spacing 5cm). For 
fer conditions the upper limit estimate can be modified by 
lying Paschen’s law; the lower limit could also be deter- 
led but this is a more lengthy process. 

jhanks are due to Mr. Fortescue and members of the 
lear Particle Laboratory at Queen Mary College for 
wing attention to the problems considered in this paper 
| for many helpful discussions. 


ion Mary College, J. W. LEECH 
versity of London, 


adon, E.1. 
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A method of making silicon junction diodes 


ew and simple method of producing silicon p—n junction 
‘es is described. These diodes have particular applications 
pircuit elements in transistor circuits. 

sciefly, the method is to oxidize the surface of a silicon 
stal until an oxide layer is produced which is sufficiently 
‘k to give a blue interference colour. A probe of suitable 
hxposition is pressed on the oxide layer and a current pulse 
large amplitude and short duration is passed through the 
tact. The oxide layer is pierced and the probe welds 
ithe silicon making a p-—n junction of high mechanical 
Dility. 

‘arious details of the process are now described. The 
btal is ground, polished and etched prior to the oxidizing 
tment. A suitable oxidizing agent is a-3% solution of 
llic acid. This is contained in an electrolytic bath and 
rating current is passed between two electrodes, each 
ttrode consisting of a silicon crystal to be oxidized. With 
l-type silicon crystal the probe must contain an element 
m Group V of the Periodic Table, e.g. phosphorus. 
wersely, with an n-type crystal, the probe must contain 
lelement from Group III, e.g. aluminium. The amplitude 
the current pulse depends on the resistivity of the silicon. 
h 0:05 Q cm silicon, a 5 ms pulse of amplitude 150 V is 
i The oxide layer is an essential part of the process, 
hout it a p-n junction is not produced. This layer is an 
iilator and it is considered that it permits a build-up of 
irge until the applied voltage is sufficiently high to arc 
ugh the layer. The area of the p—n junction is of the 
ter 10-5 cm?. 

Che figure shows voltage current characteristics of repre- 
Itative silicon diodes produced by the method. The table 
lbs some data associated with these characteristics. The 
ward slope, Zener voltage* and Zener resistance increase 
the resistivity of the silicon is increased. The onset of the 
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McArez, K. B., RYDER, E. J., SHOCKLEY, W.., and Sparks, M. 
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Zener slope becomes less abrupt as the resistivity of the 
silicon increases. The minority carrier storage is very small, 
as would be expected in low resistivity short lifetime material. 
Only the diodes made with n-type silicon have a satisfactory 
working life. 

Some circuit applications of these diodes are given in the 
following. (1) In transistor computor circuits of the type 
described by Williams and Chaplin,* widespread use is made 
of “catching diodes” which are returned to comparatively low 
catching voltages in the range | to 15 V. In practice two 


germanium point contact diodes are used. Each is biased 
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Silicon junction diode parameters 


Diode A Diode B Diode C 
p-type Si n-type Si p-type Si 
0:6 Q cm. 0:09 Q cm. 0:05 Q cm. 
Phosphor- Duralumin Phosphor- 
bronze probe probe bronze probe 
Forward slope resistance 54 Q 33. Q 18 Q 
Zener voltage 17:3 V OEDEN: 627 YN, 
Zener slope resistance 12270) 59 Q 58 Q 
Back resistance at 2 V 30 MQ 1I80MQ 3MQ 


appropriately and connected in parallel and in opposition to 
the collector, the emitter or the base of the transistor depend- 
ing on the circuit application. A device with characteristics 
shown in the figure will replace the two germanium diodes 
and one bias supply. (2) The diode can be used as a voltage 
stabilizer to provide two “‘catching” levels. (3) The diode 
can be used for d.c. coupling between stages. 

I thank my colleagues and Mr. G. B. B. Chaplin of the 
University of Manchester for helpful discussions and am 
indebted to the Chief Scientist, Ministry of Supply, and to 
the Controller, H.M. Stationery Office, for permission to 
publish this letter. 


Radar Research Establishment, J. W. GRANVILLE 


Great Malvern, 
Worcestershire. 


* WILLIAMS, F. C., and CHAPLIN, G. B. B. J. Instn Elect. Engrs, 
100, II, No. 66, p. 228 (1953). 
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Theory of lenses. By E. W. H. Se-wyn. (London: The 
Institute of Physics, 1955.) Pp. 62. Price 5s. 

This little book is the fifth in The Institute of Physics’ Mono- 

graphs for Students Series, which is intended for general 

reading by students such as those in the first two years of a 

degree course in either science or engineering or for those 

reading for Higher National Certificates. 

Although the book is about theory, its object is practical; 
the author has attempted to deal with the subject with not 
much, if any, more mathematics than is acquired at a grammar 
school. There are four chapters: Theory of light; First 
approximation; Second approximation, Seidel aberrations; 
Correction for colour and high order aberrations. A biblio- 
graphy and a set of problems are included; none of the latter 
can be solved by merely substituting numerical values in a 
correctly remembered formula. 


Radioisotope conference 1954 (sponsored by the Atomic 
Energy Research Establishment, Harwell), Vol. 2, 
Physical sciences and industrial applications. Edited 
by J. E. JoHNsSTON, R. A. Farres and R. J. MILLETT. 
(London: Butterworths Scientific Publications, 1954.) 
Ppreix == 223.) Price:45s- 

The publication in book form of all the papers presented at 
a conference gives a very rapid availability to the material 
and is in this case certainly very useful, although there is no 
attempt to survey or take stock of the field which one would 
expect in a normal book. This collection of papers deals 
mainly with the techniques of applying radioactive materials 
as tracers (the movement of wool fibres, diffusion in metals, 
the flow of water in pipes and in sewage tanks, carbide cutting 
tool wear); as sources of radiation for radiography (ranging 
from «-gauges for material of thickness 0-25 g/m? to y-tays 
for 22 cm of steel and for measuring pipe thicknesses from 
the outside, including the measurement of moisture in soil by 
neutron scattering) and finally for determining the age of 
archeological samples from the concentration of !4C. In 
some papers the results of the researches are also given, but, 
in general, the usefulness of the book is to show how many 
problems can be explored by radioactive tracers although 
by no means all important examples are included here (for 
example, the use of radon for gas flow studies in blast furnaces 
and open hearth furnaces). Only one paper has a summary 
at the beginning; a summary for each paper would certainly 
help the reader to find what he wants, as would a subject 
index. M. W. THRING 


Molecular theory of gases and liquids. By J. O. HirSHFELDER, 
C. F. Curtiss and R. Byron Birp. (New York: John 
Wiley and Sons Inc.; London: Chapman and Hall Ltd., 
1954.) Pp. xxvi + 1219. Price 160s. 

As its name implies, this book provides a discussion of the 
properties of gases and liquids from the molecular standpoint. 
It is an astonishing account, for everything that could possibly 
be included finds its place here. At one end there is a dis- 
cussion of general thermodynamics and statistical mechanics: 
and at the other end there is an almost complete account of 
transport properties, dispersion forces between large mole- 
cules, distribution functions in liquids and even a full 
description of what happens in a Bunsen burner. The text 
itself is supplemented by many tables of numerical magnitudes, 
and collected results. All the formulae that could possibly 
be needed are shown in full, and in a form suitable for 
immediate use. 


When one meets a book of this size (over 1200 pages) there © 


are three questions that have to be answered. First, who will 
want to use it? Second, how much prior knowledge does it 
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presuppose? Third, is it clear and is it reasonably complet rf 
Let us consider these questions one by one. 1. 
To begin with, this is not a book to read straight throug} : 
or even to take as a class text. It is a book of reference, wij) 
the additional property that the relation between eat t 
phenomenon and its basic explanation in terms of molecul 
forces, is always made apparent. For that reason it is mc} 
suitable for the research worker who wants to have a reason, 
account of the interconnexions of his own particular pices i 
research and the wider field. } 
Next, the book presupposes that the reader has some pri d 
acquaintance with the subject. It is true that it gives sore 
elementary results, but unless the student had covered at lea] 
a year’s course in quantum theory and statistical mechanics) 
he would find his progress pretty slow. at 
The answer to the third question is that the book is clear: iF 
written (though some of the formulae could be reduced 
complexity of appearance with profit) and—at least to tb 
present reviewer—it seems as complete as it could be. The ' 
is no doubt but that it contains some material not yet found if 


An example of the first is the solution of the integral equatif ‘ 
of Kirkwood-Yvon-Born for molecular distribution functior i 
An example of the second is the discussion of the comple cr 


Hamiltonian for a closed system such as a molecule in tH 
presence of electric and magnetic fields. 


mendous job. The three chief authors have fitted on 
contributions together in a most satisfactory fashion. The 
is no doubt but that this book will not remain long on tim 
library shelf: it will be in constant use for reference al! 
similar purposes. GeA. CouLsoa 


Progress in metal physics, Vol. 5. Editors: B. CHALMEF M. 
Ph.D., D.Sc., and R. Kinc, B.Sc. (London: Pergames 
Press Ltd., 1954.) Pp. vii + 324. Price 60s. 

The scientist who writes a review of recent progress mij" 

either cater for the specialist in his own subject and in close} 

related subjects, or he may endeavour to describe the principii 
results for the benefit of workers in other parts of the fielt 

Previous reviewers of this series have deservedly praisi r 

most of the individual articles, but have sometimes corj 

plained that they did not fulfil the editor’s declared intentic i 

(thrice repeated) of providing the second kind of repore 

Volume 5, the first to be produced under the joint editorsh 

of Professor Chalmers and Mr. King, is honoured by a nejf 

foreword, and although phrased in general terms, this seerje 
to imply hat many of the reviews are now intended for ti 
semi-specialist. This, if true, is no more than a recogniti«{f 

of the de facto situation, but many readers will continue [J 

deplore the change in emphasis. The present reviewer do! 

not subscribe wholeheartedly to this viewpoint; the need f% 

good general surveys is obvious, but these more specializi|; 

reviews are of immense value to the active research worke| 
Of the five articles in the present volume, those on Liqu 
metals by B. R. T. Frost and on Solidification by Ursula } 

Martius are perhaps the least specialized. Dr. Frost’s artic 

is clear and interesting, but the review of solidification seer 

rather superficial, and the method of writing, which involy| 
much repetition, is not a success. The important subject 

Fracture is very well treated by N. J. Petch, and R. Madd} 

and N. K. Chen review recent experiments on the Geometrich 

aspects of the plastic deformation of single crystals. Bo} 

these articles are at about semi-specialist level, but may 1} 

read with profit and without undue effort by the less We 

informed. There remains the Report on precipitation th 


BRITISH JOURNAL OF APPLIED PHYSICS. 


<. Hardy and T. J. Heal, and this is definitely for the 
alist only. The theoretical treatment of the thermo- 
Lmics and kinetics of precipitation is very good indeed, 
the major portion of this very long and important review 
wen to a detailed discussion of the interpretation of the 
ly diffraction results obtained for all the reactions so far 
stigated. Even the specialist needs some guidance in this 
L rare and controversial topic, but the authors would have 
better advised to stick to principles and to try to 
walize the important conclusions; after fifty pages on 
-ray effects, it comes as rather a shock to read on 
61 that “only for the aluminium-copper alloy may a 
itative understanding of the decomposition be taken as 
eile 

e standards of printing, reproduction and binding 
iin very high. The price is correspondingly stiff, but as 
tated above, the book is extremeiy good value. Constant 
f2ts of the series, who have digested all the previous 
mes, must now be in the happy position of super- 
palists, who know more and more about more and 
: J. W. CHRISTIAN 


national Scientific Radio Union (URSI): Special Report 
No. 4. The distribution of radio brightness on the solar 
\disk. Special Report No. 5. Interstellar hydrogen. 
4 Srussels: URSI, 1954.) Pp. 71. Price 14s. 6d. 
2 two monographs, bound together, are a tribute to the 
now reached by radio-astronomy, of contributing 
srfully to problems which already existed in solar physics 
astrophysics, but which had been studied in a fog (as it 
: when only optical wavelengths were available. Dis- 
‘ton of intensity and colour across the sun’s disk had 
Seen a question of importance, both in the information 
ded as to depth of origin and in the localizing of the 
rbances which give rise to spots and flares; recent 
jj Opment of radio receivers recording similarly the 
” in centimetre, decimetre and metre waves has 
| 


ia 


[ 


come 


l=htness 
ously widened the range of weapons, and is rapidly 
i ulating evidence on chromosphere, corona, and 
ed transient eruptions. Australian, American, British 
‘European contributions are here discussed. 

ne second monograph describes the investigation of 
stellar gas, especially by 21 cm wavelength (1420 Mc/s), 
ip arises from transitions between hyperfine levels of the 
d state of atomic hydrogen. The use of this frequency 
become a prime method of finding the distribution of the 
tmely rarefied matter between the stars. There is even 
1420 Mc/s newsletter’ edited from Leyden Observatory 
plating the world’s researches. MARTIN JOHNSON 


Vol. 2. By J. D. Tucker and D. WILKINSON. 
(London: English Universities Press Ltd., 1954.) Pp. 
ip + 252. Price 10s. 6d. 

| is the second volume of three intended to cater for the 
and Guilds Radio examinations. It follows the City 
Guilds syllabus for Radio II fairly closely, and can be 
ended for the use of students preparing for this 
nination. 

ne book gives a selection of examination questions at the 
jof each chapter; some of them are from Institution of 
\trical Engineers or British Institution of Radio Engineers 
rs, but students preparing for these, or for the Higher 
jonal Certificate, would need to supplement the book 
| others of a more analytical character. 

he book is well produced and few misprints were noticed. 
't of the treatment is non- -mathematical, with frequent 
aims, but simple analyses (using the symbolic notation) 
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are given in a number of cases. Specimen answers are given 
to some questions, and these are used to supplement the 
text, for example, to give typical component values. It is a 


pity that such typical values are not given much more often, 


especially as some readers will be studying at home. One 
or two of the photographs are of doubtful value (for example, 
those of a vibrator and of a cathode- -ray oscilloscope), 
although others are good. M. D. ARMITAGE 


Noise and stochastic processes. Edited by NELSON Wax. 
(New York: Dover Publications Inc., 1954.) Pp. 337. 
Price $3.50 (cloth), $2.00 (paper). 

It becomes increasingly clear that a knowledge of the theory 

of random processes and fluctuation phenomena is necessary 

to a complete understanding of most branches of science and 
technology. This book, the third in a series issued by the 

Dover Publications, each dealing with a particular branch 

of science, gives an excellent appraisal of the present state of 

the subject. It is a collection of six reprinted papers and 
reviews; two of these, “Stochastic problems” by S. Chand- 
rasekhar, and “Mathematical analysis of random noise” by 

S. O. Rice, are almost complete treatises in themselves. The 

other four shorter papers by G. E. Uhlenbeck and L. S.- 

Ornstein, by Ming Chen Wang and G. E. Uhlenbeck, by 

Mark Kac and by J. L. Doob, deal with various aspects of 

Brownian Motion. 

The book does not make light reading—no proper treatment 
could—but those who wish to study this subject seriously could 
not do better than to do so with the aid of this book. 

V. J. FRANCIS 


Mathematics of engineering systems. 
(London: Methuen and Co. Ltd., 
Price 30s. 

There are a great number of text-books on engineering 
mathematics and new books on this subject appear fairly 
regularly. It is, however, not often that a book appears in 
this field that covers new ground in as lucid a manner as the 
book under review, or deals with the more familiar ground 
as refreshingly. 

The book assumes a knowledge of the calculus, but in a 
brief introductory chapter the author revises a certain amount 
of ground which he expects his readers to have covered. 
Chapter 2 deals with the solution of linear differential 
equations with constant coefficients by the use of the D 
operator; many of the worked-out examples in this and 
other chapters relate to practical problems drawn from the 
servo-mechanisms and electrical fields. The next chapter 
deals with the same types of equations by modern methods. 
The response of stable linear systems to the input of a unit 
step function and of a sinusoidal function are discussed in 
detail, and the method of the Laplace transform is introduced. 
Chapter 4 covers Fourier analysis in a very lucid manner, 
particularly emphasizing the points students often find 
difficult. 

The last chapter deals with non-linear differential equations. 
It contains a clear and concise section on phase plane methods, 
deals with van der Pol’s equation with and without forcing 
terms, and concludes with a section on approximate solutions. 

The book is pleasantly printed with clear diagrams of 
reasonable size. It is undoubtedly a valuable addition to the 
literature of engineering mathematics and should prove 
helpful, not only to students, but also to practising engineers 
and physicists who need an introduction to the solution of 
the linear and non-linear differential equations which govern 
many problems in electricity and mechanics. 

E. K. FRANKL 


By DEREK F. LAWDEN. 
1954.) Pp. viii + 380. 


Notes and comments 


The Physical Society’s annual exhibition of instruments and 
apparatus 

As announced in the January issue of this Journal The 
Physical Society’s 39th Annual Exhibition of Instruments and 
apparatus will be held in the New Hall of the Royal Horti- 
cultural Society, Westminster, London, S.W.1, from 25 to 
28 April, 1955 (inclusive). The exhibition will be open from 
10 a.m. to 8 p.m. on 26 and 27 April and from 10 a.m. to 
5 p.m. on 28 April. Although it will also be open until 
8 p.m. on the first day (25 April) the morning (10 a.m. to 
2 p.m.) has been reserved for members of the Society and 
sister bodies. 

It has been agreed to offer special tickets to members of 
sister institutions to enable them to visit the exhibition on 
The Physical Society members’ morning, Monday, 25 April, 
when the exhibition is not so crowded. Tickets, available 
for any one day, may be obtained from The Physical Society, 
1 Lowther Gardens, Prince Consort Road, London, S.W.7. 
Members of The Institute of Physics may obtain tickets from 
the Institute’s office. 


Meteorological Office Annual Report for 1953-4 

The annual report of the Director of the Meteorological 
Office for the year ending 31 March, 1954 (H.M. Stationery 
Office, price 2s. 3d. including postage), summarizes the 
services which have been provided in weather forecasting, 
climatology and research and development. Probably the 
new service which has been most appreciated by the general 
public is the television weather forecast presented by the 
forecasters themselves. 

Work in the instrument field again included further develop- 
ment of radio and radar sounding techniques for the measure- 
ment of pressure, temperature and humidity to heights of 
20 km and above. There were also investigations, involving 
much instrumentation for high speed and high altitude air- 
craft, into the physical processes of cloud and precipitation 
and of ice accretion. Progress was made in the design of 
searchlight methods of measuring the height of cloud base 
by day. One method uses a modulated beam and the other 
a light-pulse timing system. Measurements of factors likely 
to influence fog formation were continued during last winter. 
The development of a bi-metallic actinometer of simple 
design for recording solar radiation was completed. 

The report includes appendices giving details of the 
organization, estimates of expenditure and a list of publi- 
cations issued during the year. 


Joint conference on combustion 

The Institution of Mechanical Engineers announces that it 
has arranged a joint conference on combustion with the 
American Society of Mechanical Engineers which will be held 
in Boston, Massachusetts, from 15 to 17 June next and in 
London from 25 to 27 October next. Bearing in mind the 
inherent difficulty in applying theory to practice in the sphere 
of combustion, the objects of the conference will be: 
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(i) to link theory and practice in this sphere by presenti 
the results of theoretical work to practical engineers 
America, Great Britain and other countries; and \ 

(ii) to provide an opportunity for practical engineers” 
these countries to meet together to discuss practic) 
application of theory in the fields of boilers, furnac ii 
internal combustion engines and gas turbines. 


Some thirty other institutions and societies, including T |p 
Institute of Physics, are supporting the conference and thi i 
members may obtain particulars and preliminary reply for) 
through these bodies. Others should apply to the Secreta 
of The Institution of Mechanical Engineers, 1 Birdcage Wa) 
London, S.W.1. 


Errata in Supplement No. 3 


by the authors in proof were not made. Also, on page SIR 
in line 21 of the left-hand column, for 20° read 24°. Erre® 
slips will be inserted in further copies of the Suppleme/ 
distributed and will be sent (gratis) to anyone wishing ff 
correct his own copy. 4 

Requests should be sent on a post card to Editorial Sectic®: 
The Institute of Physics, 47 Belgrave Square, London, S.W) : 
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ponents of the mixture other factors such as 
effects on the characteristics. 


with the greatest success. 


it originated. 


and € are the general symbols for electrical conductivity and 


| 
| LIST OF SYMBOLS 
~ permittivity. 


and ¢, refer to the discontinuous phase of an emulsion or 
suspension. 


| 

H 

t and e, refer to the continuous phase. 
. and ¢,, are the values of the mixture. 
bi = ¥,/v2 
rnilarly with 5, and ¢,,. 

|, the volume ratio, is the fraction of the total volume repre- 

sented by the discontinuous phase. 


and Wine Vin! V2; 


1. INTRODUCTION 


| Work at the Fuel Research Station on emulsions of sea 
later in fuel oil entailed an examination of their electrical 
operties and led to a study of the general problem of the 
fectrical conductivity and permittivity of such mixtures. 
art of this study provides the subject-matter of this paper. 
_The relationships between the electrical properties of 
bterogeneous dielectrics and those of the respective phases 
ave been the subject of many theoretical and practical 
vestigations since 1873 when Maxwell) published his 
reatment for the case of spheres immersed in a medium of 
ifferent conductivity. It is unnecessary to detail the work of 
faxwell, Lorentz,) Lorenz®) or Rayleigh because their 
isults conform with the more general treatment of Wiener) 
ho gave expressions for the permittivities of arrangements of 
bheres and cylinders in terms of the permittivities of the 
ispersed bodies and the continuous medium and the volume 
itios. ; 

| At this stage it may be well to remark on the identity of the 
lationships for permittivity and for conductivity. Provided 
lat the two properties are considered independently the same 
irm of equation relates the properties of the phases with the 
foperty of the mixture. A similar remark applies to 
brmeability in the magnetic case. 

! Wiener also examined special cases of other shapes besides 
le sphere and the cylinder but his results relate to formal 
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The electrical conductivity and permittivity of mixtures, 
with special reference to emulsions of water in fuel oil 
By C. A. R. PEARCE, M.Sc.(Eng.), A.M.1I.Mech.E., A.M.I.E.E.,* Fuel Research Station, Greenwich, London, S.E.10 
[Paper received 2 December, 1954] 


The electrical characteristics of a mixture of two substances are dependent only in part on the 
electrical characteristics of the individual phases. 


In addition to the volume ratio of the com- 


‘ particle shape and distribution have important 
yn. the In this connexion an emulsion formed of a liquid with a high 
conductivity in one of low conductivity is free from the complications of many practical mixtures. 
The droplets are spheres and the system approaches the case which has been attacked theoretically 


The characteristics of water in fuel oil emulsions have been studied both directly and indirectly 
by means of an electrolytic analogue. The work has drawn attention to the importance of the 
size distribution of the dispersed phase and has confirmed the theoretical treatments of Wiener 
and Bruggeman at the same time emphasizing the limitations of their formulae. This has given 
the work a value in applications outside the narrow field of the specialized emulsions in which 


arrangements exemplified in Fig. l(a) and (c) as do those of 
Rayleigh and Maxwell. 
For spheres, see Fig. 1(a), Wiener’s equation is: 


En — €2 €j == &) 
ai 
Me + 2.6 


nm 


(1) 


Cr, + 2.€5 
The corresponding expression for conductivity, in accor- - 
dance with what has already been written, is: 


Vin V2 


Sp eee) 
ie 
Vee) 


(la) 


VY; + 2.V 


For cylinders with axes perpendicular to the field, see 
Fig. 1(c), his equation is: 


P= Kp) €| Tee 


=e (2) 


Shae 65) 


m 
Em ale €2 


« 


Although Ficker® attempted an experimental confirmation 
of Wiener’s treatment his results are inconclusive and the 
present author has been unable to trace any other measure 
ments aimed at the confirmation of equations (1) and (2) 
within the limits postulated by Wiener, Rayleigh and Maxwell. 
On the other hand no error has been pointed out in the 
derivation of the formulae which would cast any doubt on 
the validity of the findings of these authors. Instead, the 
expressions have been tested by application to the practical 
cases of emulsions, suspensions, powdered crystals, etc., 
which are far removed from the formal arrangements from 
which they are derived and they have been found by many 
workers not to agree well with the experimental findings, 
e.g. Guillien™ and Voet.®) These authors prefer the expres- 
sion proposed by Bruggeman) for spherical particles arranged 
in a random fashion, namely: 


CideenG 


; Dogs 3 
Siar) € @) 


Vice Dig re 


Although this expression fits well with some experimental 
findings there are others, for example those of Voet, with 
which it can only be reconciled by the introduction of 
empirical factors alien to Bruggeman’s treatment. The 
subject is thus in a somewhat unsatisfactory position. It was 
for this reason that the author devised the practical test for 

*k 


CAR: 


Wiener’s equations which will be described later, but the 
experimental work on emulsions will be dealt with first. 

At this stage it is relevant to remark that in all expressions 
quoted above it is assumed that the particle size of the mixture 
may be ignored. A little consideration will suggest what has 
in fact been confirmed experimentally by Van Vessem and 
Bijvoet"® that this may in any event only be done if the 


fo------------ 


(b) 


Fig. 1. 


particle is very small in relation to the cell used in the measure- 
ment of the characteristic of the mixture. Bruggeman was 
aware of this factor but it is quite distinct from particle size 
distribution, the importance 'of which will later become 
apparent. 


2. ELECTRICAL CHARACTERISTICS OF 
EMULSIONS 


2.1. Sea water in fuel oil. 

Fig. 2 is a photomicrograph of a typical emulsion of sea 
water in fuel oil and it will be seen to consist of a more or 
less random arrangement of spherical droplets of water with 
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(a) Arrangement of spheres as postulated by Maxwell, Rayleigh and Wiener. (5) Arrangement of hemispheres 
in electrolytic bath. (c) Arrangement of cylinders. (d) Arrangement of half cylinders in electrolytic bath 


Pearce 


diameters falling. within a fairly well defined range, abou . 
2 to 40 z. Such emulsions are in practice formed in ship’s i 
tanks by the rolling of the ship but are made in the laboratory. la 
by stirring. Prolonged stirring or the forcing of the mixture jj 
through a fine nozzle will reduce the mean droplet size and js 
the range of diameters. This process is referred to 5 | i 
“homogenizing.” : HI 


(c) 


Cd) 


a 


Series of emulsions of varying water content were made uf|t 
by simple stirring and by homogenizing with two Admiralty § 
fuel oils, one from Trinidad petroleum and the other from 
Abadan. Once formed, the emulsions were quite stable ove 
periods of hours. With the aid of a 1000c/s bridge by 
H. W. Sullivan Ltd. and the cell illustrated in Fig. 3. the 
permittivity of the water-free oil and of each emulsion waif 
measured at a fixed temperature. The recorded result wa: 
the mean of three taken on separate samples of the samy 
emulsion. The sum of the end correction and stray capacity) 
of the cell was estimated by subtracting the calculated capacity) 
of the cylindrical annulus from the measured capacity of thi 
empty cell. 

Because they are conductors the permittivity of the droplet! 
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yccumstances equation (1) becomes: 


Em €2 mS, 
En + 2.€ eS Pi (4) 
hich can be rewritten: 
; 
| BEE ae hime DPI 
2Em €> 1 oe Py (4a) 


Fig. 2. Photomicrograph of an emulsion of one volume 
of sea water in nineteen of fuel oil 
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with special reference to emulsions of water in fuel oil 
Equation (3) becomes: 


2m = A= pp) (5) 


The experimental results and curves of equations (4) and 
(5) plotted on logarithmic scales are given in Fig. 4. The 
results were obtained with four different types of emulsions, 
namely: 


1. Trinidad oil stirred. 
2. Trinidad oil homogenized. 
3. Abadan oil stirred. 
4. Abadan oil homogenized. 


The droplet sizes in types 1 and 3 were very similar to the 
sample from which Fig. 2 was obtained, whilst in types 2 
and 4 the maximum droplet diameter was about 5 to 6 p. 
The points plotted in Fig. 4 do not distinguish between the 


f 


Fig. 4... Curve | is calculated from Bruggeman’s formula 


and curve 2 from Wiener’s formula for spheres. The 


points are the author’s results 


© sea water in fuel oil emulsions. ; 
+ electrolytic analogue of cubic arrangement of conducting 
spheres. 


four cases and in fact when they were separated, no difference 
could be discerned between the general trends of the four 
sets of results. 


2.2. Results of Guillien with comparable dispersions. 


Guillien, in his investigations into the validity of the 
formulae of Wiener and Bruggeman, measured the permit- 
tivity of emulsions of mercury in oil. Electrically such a 
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system is similar to the emulsions of sea water in oil. His 
results are given in Fig. 5 together with the lower portion of 
Curve 1, Fig. 4. 

Guillien also published the results he obtained with manu- 
factured spheres of Wood’s Metal in oil. He found, however, 
that such spheres being very soft were readily flattened by 
blows from the blades of the stirrer which he employed to 
ensure that they did not settle out and for this reason these 
results are not included in Fig. 5. 


O83 igkiee cal : 


0-6 


Ow 


Logio (2&m) 


O3 


02 


Ol 


ve : | 
, ei | 
1:90 185 ik 
Logio (I-p1) 
Rise 5: The change in permittivity of an emulsion of 
mercury in oil, with mercury content as determined by 
Guillien. The curve was calculated from Bruggeman’s 


formula 


© mercury in lubricating oil. 
-- mercury in castor oil. 


eo) 1-95 


For a similar reason the results published by Voet for an 
emulsion of electrolyte in oil have also been omitted. To 
prevent agglomeration Voet subjected the emulsion under 
test to continuous shear, such as occurs in a cYlindrical 
viscometer. It must be expected that such treatment will 
distort the suspended droplets and affect their distribution. 
Other results of this author are omitted because the conditions 
under which his measurements were made suggest that the 
results are likely to have been influenced by sedimentation or 
departures from sphericity in the shape of the suspended 
particles. 


3. EXPERIMENTS WITH ELECTROLYTIC 
ANALOGUES 


3.1. General. 


The scatter of the results in Section 2.1 does not disguise 
the generally good agreement between them and Bruggeman’s 
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expression, whilst with Guillien’s results in Section 2.2 the |i 
agreement is excellent. It would therefore seem that this /¥ 
expression adequately represents the conditions in emulsions” Ht 
consisting of random dispersions of spherical particles, which 4) 
is precisely the case for which it was derived. a 

The next section will describe a device to test Wiener’s 
formulae for the conditions for which they were derived and | 


to examine their limitations and those of Bruggeman’s formula. § 


3.2. The principle and use of the electrolytic analogue. 


The infinite formal arrangements of spheres and cylinders | 
illustrated in Fig. 1(a, c) can be examined by separation at } 
certain chosen planes without affecting the contour of the i 
electric field. Among such planes are those such as AAA | 
which are perpendicular to the electrodes, i.e. planes parallly i 
with the direction of maximum field strength and which pass |§ 
through the centres of the spheres or cylinders. By symmetry }) 
no lines of electric force intersect such planes. BBBB typifies jf 
another set of such planes and with the cylinders shown in| 
Fig. 1(c) CC is another such plane. It follows therefore that } 
an arrangement of hemispheres such as is shown in Fig. 1(b) |) 
or half cylinders such as in Fig. 1(d) can be extracted and if | 
bounded by planes of zero conductivity at faces such as AAA, + 
BBBB and CC will have conductivity characteristics which } 
are identical with those of the hypothetical unbounde 1 oh 


. 


boundary 
electrode 


probe 


vernier 
scale 


Fig. 6. Apparatus used in electrolytic analogue experi- t 
ments. A formal arrangement of hemispheres is shown 
set out on the glass bottom of the tank. To facilitate the — 
positioning of the hemispheres a sheet of squared paper [i 
has been mounted against the underside of the glass 


set out in an electrolytic tank with a glass bottom. The? 
electrolyte is tap water. The depth of water is one-half the’ 
lateral spacing. If now a voltage is impressed across the | 
electrodes at the ends of the bath the ratio of the potential | 
gradients in the part of the bath in which the spheres are set? 
out and the part without spheres is effectively the ratio of) 
their resistivities. 2 

_The potential gradient was measured by means of the) 
circuit in Fig. 7. The probe, see Fig. 6, which was mounted) 
on a vernier scale was set just to penetrate the surface of the! 
water and R, and R, were adjusted to reduce the reading of} 
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he valve voltmeter to a minimum. The ratio R,/(R, + R») 
jvas then a measure of the potential at the position of the 
Pp robe. Fig. 8 is a typical plot of the potential along the bath. 
"rom this curve 


| 2¥m = tan «/tan B 


| In setting up the apparatus the glass bottom of the bath 
vas carefully levelled and the brass hemispheres, etc., were 


jpoundary electrode 


signal generator 
approximately 
ND lOV 
400c/s 


= valve 
secre voltmeter 


Fig. 7. Circuit employed for the electrolytic analogue 


position of metal 
half cylinders 


“boundary ¥ | arose 
electrode boundary 
me . electrode 


ze 


9 5 Te} 15 
inches 
Typical plot of the potential variation between 
the electrodes of the electrolytic analogue 


20 


; Fig. 8. 


leaned in carbon tetrachloride and dilute nitric acid before 
ise. The depth of the water was measured to the nearest 
'-001 in. by means of a spherometer, the surface of the 
water being detected by the electrical contact which it made 
With the point of the micrometer head. 

| It will now be clear that by setting out in the electrolytic 
ank arrangements of hemispheres, etc., with various spacings 
feetween centres and appropriate depths of water, »y,,, can be 
measured for a series of values of p,. There is, however, a 
estriction on the values of sy, which can be employed. 
Using brass hemispheres and half cylinders in water the ratio 
»f conductivities is similar to that in the emulsions dealt with 
| Section 2, i.e. xy, is very great and by using hemispheres, 
jtc., of Bakelite the case where xy, = 0 can be examined; 
here are serious practical difficulties in the way of using 
intermediate values of yy, and they were not attempted. 

| The Bakelite hemispheres used were weighted with lead 
lisks sealed with a plastic cement, so as to keep them firmly 
n the glass bottom and at the same time to maintain the 
insulation. 


1.3. Results with formal arrangements in the electrolytic bath. 


| In Figs. 4 and 9 the results obtained with formal arrange- 
inents of brass hemispheres and half cylinders are compared 
With the predictions of Wiener’s formulae with good agree- 
ent, as is also the case for those for non-conducting hemi- 
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spheres given in Fig. 10. 
2; — 0 in equation (1a) gives: 


The electrical conductivity and permittivity of mixtures, with special reference to emulsions of water in fuel oil 
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Volume fraction p, 


Fig. 9. Comparison between curves calculated from 

Wiener’s formula and the results of the experiments with 

electrolytic analogues for the case in which ,y> is very 
large 


© square pattern of hemispheres. 
+ parallel rows of half cylinders. 
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Fig. 10. Results obtained with electrolytic analogues of 
formal dispersions of non-conducting spheres. Curve |: 


In this case the substitution of 


(6) 


Bruggeman’s formula. 


Curve 2: Wiener’s formula 


C. A. R. Pearce 


There is no equivalent to equation (6) with permittivity 
since €, has a minimum value of one. 

It has thus been established that whilst Bruggeman’s 
expression holds for a certain type of random arrangement 
of spheres the formulae derived by Wiener, and indeed those 
due to Maxwell and Rayleigh, are valid for formal anisotropic 
arrangements. 

In the next phase of the work the electrolytic bath was used 
to investigate random arrangements, in the hope that the 
limitations of the formulae could be more closely defined. 


3.4. Experiments with random arrangements in the electrolytic 
bath. 


3.4.1. Method of setting out hemispheres. The random 
distributions postulated by Bruggeman and those encountered 
in emulsions are three-dimensional but the analogue of such 
an arrangement could not be achieved with the apparatus 
used in the present study. Of necessity the randomness of 
the arrangements used was two-dimensional and to identify 
this type it will in future be referred to as quasi-random. 

The method of setting out the hemispheres was based on the 
use of the set of random numbers compiled by Tippett.¢”) 
A full-sized drawing of a convenient part of the electrolytic 
bath, measuring 16 in. x the full width 234in. was divided 
into 10000 rectangles, thus providing x and y axes each of 
100 units. Random numbers were now taken in order, four 
at atime. The first pair was used for the value of x and the 
second for the corresponding value of y. In this manner a 
series of points was plotted, each point being numbered in 
sequence. The plot of these points was mounted on a board 
beneath the glass bottom of the electrolytic tank and wherever 
possible the hemispheres were placed with their centres over 
the points; where this was precluded by the proximity of the 
points, the hemispheres were arranged so that they touched 
but conformed in a general way with the disposition of the 
original points. The hemispheres were placed over the 
points in numerical order up to whatever quantity was 
necessary for the volume ratio required. When more than 
one size of hemisphere was used the respective sizes were taken 
in rotation. 

The depth of water used for each measurement was that 
appropriate to the same numerical density of spheres in the 
tests made with the formal arrangements. In effect this 
depth is one-half the side of the cube having a volume equal 
to (the total volume of the dielectric)/(the total number of 
particles). 

Fig. 11 illustrates the type of arrangement obtained by the 
method indicated and in it the same general characteristics 
may be observed as are to be seen in Fig. 2. This is a matter 
of interest in itself since the first impression of those examining 
Fig. 2 is that it reveals a marked tendency of the droplets to 
adhere, see Lewis.“2) On the evidence of Figs. 2 and 11 it 
seems that the forces examined by Lewis have little apparent 
effect on the dispositions of the droplets in the particular 
emulsions of sea water in fuel oil. 

In measuring the potential gradients in the two parts of 
the electrolytic tank it was no longer possible to obtain a 
continuous straight line in the part occupied by the hemi- 
spheres. Instead, a boundary between the two sections was 
formed by rectangular section brass bars and its potential 
relative to the two end electrodes was measured. The potential 
gradient in each part of the bath was then determined from 
the potential differences and the distances between electrodes 
and the dividing bar. 

It has already been mentioned that more than one size of 
hemisphere was used. This was done in order to study the 
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effect of changes in size distribution. Three sizes of brass fi 
hemisphere were available, namely, | in., ¢in. and 4 inp 
diameter. The 1 in. size was used exclusively for the formal rt 
arrangements but in the quasi-random arrangements measure- ) 
ments were also made with different proportions of the three ; 


sizes. 


3.4.2. Results with quasi-random arrangements of hemi- i} 
spheres in the electrolytic bath. In Fig. 12 the predictions of 4 
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Fig. 12. Results obtained with electrolytic analogue of 
quasi-random dispersion of spherical conductors, showing |} 
the effect of size distribution. Curve | was obtained | 
using only | in. diameter hemispheres; Curve 2 relates 
to 1, 3 and 4in. diameter hemispheres in the numerical | 
' ratio 2: 1:1 and Curve 3 relates to equal numbers of | 
the three sizes. Curve 4 is derived from Bruggeman’s 
expression 


BRITISH JOURNAL OF APPLIED PHYSICS — 


The electrical conductivity and permittivity of mixtures, 


sruggeman’s expression can be compared with the results 
Htained with quasi-random arrangements and three different 
ize distributions of conducting spheres. It will be observed 
Mat 2Y,, decreases with decreasing uniformity of the sphere 
Hiameters. The position of the calculated curve in relation 
p the practical results is not significant since, as will be 
eadily apparent, in changing from three- to two-dimensional 
andomness, the mean distance between adjacent spheres is 
educed and jy,, is thus increased. 


4. SIZE DISTRIBUTION OF DISPERSED PHASE 


In the light of the foregoing results it was clearly of some 
jiterest to see how the size distribution of the droplets in 
ir ulsions of sea water in fuel oil compared with equivalent 
vistributions in the arrangements employed in the electrolytic 
1alogues. The diameters of the droplets appearing in 
Fig. 2 were measured and Fig. 13(a) was constructed from 
ie results. Comparing this distribution with those given in 


rig. 13(b) it is clear that in the arrangements used in the 


limit of definition 


Increasing diameter of droplets O 
£9) ag (b) 
Fig. 13. Size distributions of droplets and spheres in 


emulsions and electrolytic analogues 


' @ Size distribution of droplets in a typical sea water in fuel 
; oil emulsion. . 

' (6) Size distribution of spheres in electrolytic analogue experi- 
ments with quasi-random dispersions of spherical con- 
ductors. Numbers refer to curves in Fig. 12. 


lectrolytic analogues there was a much greater preponderance 
if the larger sizes. From a practical point of view this is 
inevitable. 

A detailed study of droplet size distribution in emulsions 
vould be inappropriate to the present work but references 
13) and (14) give information on the subject. 


5. CONCLUSIONS 


| Apart from confirming the theoretical work of Wiener the 
resent study has made it clear that contrary to the tacit 
issumptions of Fricke,“@5) Burton and Turnbull,“ Scott and 
UicPherson“” and others the change from a formal arrange- 
nent to a random distribution may produce a major change 
In the relationship between the electrical properties of the 
fomponent phases of a dielectric and the properties of the 
nixture. It has also drawn attention to the possible impor- 
ance of particle size distribution as a factor in determining 
e properties of the mixture. 

| The good agreement between Bruggeman’s formula and 
measurements on emulsions should not be interpreted to 
Inean that the droplets in an emulsion are invariably arranged 
in random fashion. Voet’s results indicate that this is not so. 
A number of factors operate to destroy the randomness, 
|.g. (i) sedimentation; (ii) adherence (see Lewis‘!”)); (iii) chain 
jormation due to electric fields (see Pearce“). 

. The extent to which these are present in a particular case 
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with special reference to emulsions of water in fuel oil 


and their precise effect on the electrical characteristics of an 
emulsion are not easy to determine. On the other hand the 
limiting values of the characteristics can be readily estimated. 
Droplets of an emulsion preduce their minimum effect on 
the electrical characteristics when they are disposed as a thin 
layer along an equipotential line (see Wiener). It can be 
shown that in these circumstances, for an emulsion of water 
in fuel oil: 


6 =A) 
2Y¥m and 2em = ¢ he 3P1) 


cea 
(1 ~ gr) 


depending on whether the arrangement of the droplets within 
the layer is formal or random. 

The maximum effect is obtained when such a layer -is 
parallel to the electric field. Then 


Dey Solas 2h pi 


Between these extremes lie the values given by the formulae 
of Wiener and Bruggeman. It therefore seems to be a doubt- 
ful assumption on the part of Voet that the addition of an 
empirical factor to Bruggeman’s expression will adequately 
cover all cases. With emulsions of the sort now under 
consideration his suggested equation becomes: 


2em — d <i dp) ° 


where ¢ is an agglomeration factor. 

It is not difficult to find relationships of this type which 
appear to fit the results of a number of workers. For example, 
the author has tested the relationship between 


o€m — D/P, (8) 


6€m — V/oEn)3 (9) 


for a large number of results obtained by different workers 
with a variety of mixed dielectrics; generally satisfactory 
linear relationships can be established in most cases but such 
relationships are not fundamental and can be misleading. 
This is exemplified by the work of Burton and Turnbull@® 
on the permittivity of a series of powdered salts. For the 
permittivity of a mixture they employed an expression very 
similar to Wiener’s which it will be recalled applies only to 
certain anisotropic arrangements. Their expression was an 
adaptation of one due to Fricke.“ 

Burton and Turnbull’s results depended on a linear 
relationship on the lines of equations (8) and (9) above, from 
which they derived a ‘“‘form factor’? for each salt. It is 
reasonable to expect that such factors should bear some 
relationship to the shape of the grains of the respective salts. 
The present author therefore sought to correlate the grain 
shapes revealed by photomicrographs with the ‘‘form factors.” 
No such correlation could be discovered. Salts with the same 
particle shape had been allotted widely differing factors and 
salts allotted similar factors had very different particle shapes. 
The shape of the electric field in the neighbourhood of a body 
immersed in any liquid depends not only on the shape of the 
body but also on the ratios y«, and yy, and on its superficial 
resistivity. The misapplication of the formula was confirmed 
by the work of Cheng?) who, using another method, 
obtained values for the permittivities of some of the salts 
differing by up to 40% from the earlier values. 

Another consideration which must be borne in mind in 
any electrical measurements made on mixtures is the ratio 
between the particle size and the dimensions of the measuring 
cell. Bruggeman drew attention to this factor and, as already 


or 


(7) 


and 2Em 
and between 


and p; 
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mentioned, its importance has been stressed more recently 
by Van Vessem and Bijvoet.® 


ACKNOWLEDGEMENTS 


This study was part of a programme of the Fuel Research 
Board of the Department of Scientific and Industrial Research 
and the paper is published by permission of the Director of 
Fuel Research. 

The illustrations are Crown copyright and reproduced by 
permission of the Controller H.M. Stationery Office. 

In conclusion, the author gratefully acknowledges the 
assistance rendered by Messrs. A. H. Perkin, H. A. Howe 
and D. W. Tims who made the measurements, and Mr. L. J. 
Edgecombe who was responsible for check determinations of 
the water content in the emulsions. 


REFERENCES 


(1) CLerK MaxweL. Electricity and Magnetism, first 
published 1873. Vol. 1, 3rd Ed., see Art. 314, p. 440 
(Oxford: The Clarendon Press, 1892). 

(2) Lorentz, H. A. Ann. Phys. [Leipzig], 9, p. 641 (1880). 

(3) Lorenz, L. Ann. Phys. [Leipzig], 11, p. 70 (1880), 
and other publications. 


Effect of low temperature on the stability of permanent magnets 
By A. G. Cec, B.Sc., Permanent Magnet Association, Sheffield 
[Paper first received 29 October, and in final form 6 January, 1955] 


Magnetometer measurements have been made of the change in magnetization with temperature 
between --60 and —60° C for magnets with a range of dimension ratios. The materials tested 
were Alcomax III, Coltimax, Alnico, 35 and 15°% cobalt steels. With decreasing temperatures 
the magnetization increases reversibly except for the shorter dimension ratio magnets in Alcomax 
Il and Columax, for which losses occur. The influence of tempering on these losses is discussed. 
Losses occur in the lower coercivity materials only with increasing temperature. 
whether due to increase or decrease of temperature, can be minimized by a partial demagnetiza- 
tion by an alternating field. The results are correlated with the changes in the demagnetization 
curves of the materials with temperature. 


Previcus work has been carried out on the temperature 
variation of the general properties of Alcomax at elevated 
temperatures.) It was thought to be desirable to extend this 
work to the determination of magnetization change with 
temperature, particularly in its dependence on the alloy, its 
demagnetization curve and the working point of the test 
sample. 

Preliminary experiments showed that peculiar effects occur 
in some cases when the temperature is decreased below room 
temperature. In view of these peculiarities, an attempt has 
been made in this paper to give a general idea of the variation 
of magnetization between +60 and —60° C for Alcomax III, 
Alnico, 35 and 15°% cobalt steels and, in interesting cases, to 
extend the temperature range downwards to —180°C. The 
results have an important practical application in assessing 
the stability of magnets used for instruments in high-flying 
aircraft or in polar regions. 


EXPERIMENTAL 


Magnet samples. The magnet samples used for these 
experiments were ellipsoids of revolution. The working point 
of an ellipsoid of known B-H curve can be expressed as the 
ratio: 

B 1 


ed 
H D 


Dimensions, demagnetization factors and values of B/H 
of the samples are shown in Table 1. 
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The losses, 


Table 1. Sample dimensions and characteristics | 
Length ‘Diameter Dimension Demagnetization “4 ; 
-(mm) (mm) ratio L| D factor —B/H a8 

66 5 13-2 0-014 70-3 1 
66 Peer eho 0-028 34-7. a 
47 9 Si, 0-053 17:9 ae 
68 iI) 4-5 0-066 14-15 | 
53 15 Sc) 0-088 10-35 At 
40 15 2-66 0-127 6-78 


Alcomax and Alnico magnets were cast and the cobalt steel 
magnets were turned from rolled bar. The composition and j) 
heat treatment of the samples are shown in Table 2; when 
other treatments were used this is stated in the text. 


Table 2. Compositions and heat treatments 3 
Average composition : j & 

: (weight %) “ 
Material (balance Fe) Heat treatment y 


Alcomax III AL7-8, Ni13-5, Cooled from 1250° C at 


and Columax Gox25..@u 3; 1-2° C/s in a magnetic’ 
Nb 0:8 field. 
Tempered 48 h at 590° C, } 
48 h at 560° C. } 


Alnico Al 9-5, Ni 17, Air-cooled from 1250° C. 


Co 12:5,Cu6 Tempered 2h 600°C. J 

35% cobalt C 0:9, Cr 5-5, Oil-quenched from 7H 

‘ steel W 4-5, Co 35 S502 ee | 

15% cobalt C 1-1, Cr 9-0, Air-cooled from 1000° C, } 
steel Mo 1-5,Co15 
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The Alcomax and Columax magnets were anisotropic, the 
eferred direction being the major axis. The magnets were 
lagnetized with an applied field of at least 5000 oersteds in 
i electromagnet. Stabilization was achieved by reducing 
© magnetization by 5% using a 50 c/s alternating field. 
Temperature control. For temperatures down to —75° C 
mixture of solid carbon dioxide and methylated spirit was 
ed. In certain cases a temperature of —180° C was obtained 
; the use of liquid air. For temperatures up to +60°C a 
bn-inductive heater was placed in the vacuum flask contain- 
2 methylated spirit. The temperature of the specimen was 
(termined by a platinum-rhodium/gold-palladium thermo- 
juple connected to a potentiometer for both the magneto- 
ieter and demagnetization curve experiments. 

| Measurement of temperature variation. of magnetization. 
we magnetometer used for these experiments was of the 
hcksmith®) type made astatic to minimize the effects of 
ternal magnetic fields, the astatic pair of magnets being 
»cm apart. For calibration purposes, a Helmholtz coil 
stem was fixed to the magnetometer so that the lower of 
© two magnets was at the centre of this system. The 
signetometer, the specimen under test (fixed in a holder) and 
» adjustable control magnet (to give variable sensitivity and 
: Offset zero), were all fixed rigidly on to a pair of parallel 
jass rails 80cm in length. The average sensitivity of the 
2gnetometer was about 5 x 10-4 oersteds/cm equivalent to 
25% change in magnetization per centimetre deflexion. 

; The magnet under test was taken through the heating and 
Foling cycle 15, 60, 15, —60, 15°C in about 2£h. Simul- 
eous readings were taken of temperature and magneto- 
ter readings throughout the cycle. The percentage changes 
, ‘moment were calculated from the magnetometer readings. 
‘Measurement of the demagnetization curve at low tempera- 
“es. The B—H curves at —75 and —180° C were obtained 
? extraction of the magnet from a fixed coil at the centre of 
‘solenoid. Before each reading the specimen was allowed 
reach the temperature of the coolant contained in a vacuum 
wsk. A calibration was obtained by comparison of the 
itraction method readings at room temperature with a B-H 
irve determined on the same fixed ellipsoid on open circuit 
/a solenoid. The extraction method has the advantages of 
ving readings directly proportional to 47J in the specimen 
id of avoiding the necessity for maintaining the specimen 
_a steady low temperature within a solenoid dissipating up 
4kW. 


] RESULTS 


| Alcomax (including Columax). The change in the mag- 
tization of initially fully-magnetized ellipsoids of Alcomax 
I, when taken through the heating and cooling cycle +15 
160 to —60 to +15° C is shown in Figs. 1, 2, 3 and 4. 
then the working point of the ellipsoid is above the BH,,,,. 
pint a normal negative temperature coefficient is obtained 
ith a reversible change of magnetization (Fig. 1). If the 
forking point is below the BH,,,,, point, there is an irre- 
trsible change of magnetization as the temperature is 
jwered from 15 to —60°C. The changes in the magnetiza- 
pn of three different ellipsoids having working points below 
le BH,,,,x point are shown in Figs. 2, 3and 4. On heating 
' +60° C and allowing to cool to room temperature there 
{a small irreversible loss. As the temperature is decreased 
tlow room temperature the magnetization attains a maximum 
ilue and afterwards decreases. The loss is greater the 
irger the demagnetization factor and the lower the tempera- 
ire to which the magnet is taken. When the temperature is 
‘owed to increase again to room temperature, the mag- 
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netization again decreases but in a manner which is now 
reversible. The slope of this reversible magnetization curve 
varies quite considerably with dimension ratio and with the 
temperature at which the slope is measured. The loss in 
magnetization after return to room temperature can be 
regained by remagnetizing the specimen. 
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Fig. 1. Alcomax III. (a) L/D 13-2. (6) L/D 7-9 
e = initial increasing temperature. 
© = decreasing temperature. 
x = final increasing temperature. 
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Fig. 2. Alcomax II. L/D 4-5 
(a) fully magnetized; (b) reduced 5% by alternating field. 


Magnets which are to be used in instruments are often 
stabilized by reducing the magnetization by a small amount 
in an alternating field. The effect of such stabilization on 
the magnetization-temperature changes of the shorter ellip- 
soids has been studied. The magnets were fully magnetized 
and the magnetization then reduced by 5% using a 50 c/s 
alternating field. The subsequent magnetization changes due 
KK 


A, G. Clegg 


to the temperature cycle +15 to +60 to —60 to +15° C are 
shown in Figs. 2, 3 and 4, together with the changes in the 
unstabilized magnets. The results show that the irreversible 
loss of magnetization due to the first cooling to —60° C is 
very considerably reduced by stabilization. 
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Fig. 3. Alcomax III. L/D 3-5 
(a) fully magnetized; (b) reduced 5% by alternating field. 
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Fig. 4. Alcomax III. L/D 2:66 
(a) fully magnetized; (6) reduced 5% by alternating field. 


The effect of successive temperature cycles between room 
temperature and —65°C is shown in Fig. 5 for the fully 
magnetized and for a stabilized magnet. It can be seen that 
after the first complete cycle the magnetization change is 
reversible within the limits of experimental accuracy. It may 
be concluded that stability for practical purposes can be 
achieved by field stabilization, followed by one cooling cycle 
to a temperature lower than the lowest temperature to be 
subsequently used. 

The effects found for Alcomax are also shown by Columax, 
i.e. Alcomax with a preferred crystal orientation. Tests taken 
on a Columax bar of dimension ratio 2/1 give curves similar 
to Alcomax II magnets having working points below the 
BH,,,ax point. There is a permanent loss of 2:3% as a result 
of cooling to —70° C and reheating to room temperature, 
but this loss is almost eliminated after a previous stabilization. 
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The properties of this Columax sample were BH yg. = 
8-2 x 10°G oersteds, B, = 14000 G, H, = 738 oersteds. 3 

Alnico and cobalt steels. The changes in magnetization of ) 
fully-magnetized ellipsoids of Alnico and 35 and 15% cobalt } 
steels have been similarly tested. With these materials there 
is a small irreversible change (less than 1-°5%) on returning 
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Fig. 5. Effect of repeated cycles of +15° C to —65° C a 
on Alcomax Ill. L/D 4:5 : =) 
(a) fully magnetized, measurements at —65°C; (6) fully zs 
magnetized, measurements at +15°C; (c) reduced 5% by 1% 
alternating field, measured at —65° C; (d) reduced 5% by 
alternating field, measured at +-15° C. : 


to room temperature after heating to +60° C. On cooling jf 
there is a reversible increase in magnetization, the slope of | 
the curve being always less than —0-03% per °C but varying |) 
somewhat with magnets of different dimension ratio. The |) 
effect of alternating field stabilization is to eliminate the 
irreversible change on heating; the reversible changes are B 
similar to those for fully-magnetized ellipsoids. 1 


DEMAGNETIZATION CURVE RESULTS 


The demagnetization curves of Alcomax III at 15, —75} 
and —180° C are shown in Fig. 6. It will be seen that the |} 
curves cross at H values just over —500, close to the BEng t 
point. The unit permeance lines of the five ellipsoids are also! 
shown in this diagram. | 

In the cases of Alnico and cobalt steel there is an increase § 
in the coercivity as well as B-values as the temperature is) 
lowered with no crossing of the curves. saa 


RE 
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DISCUSSION 


The demagnetization curves of Fig. 6 give the explanation?) 
of the magnetization temperature changes of Figs. 1 to 4.) 
The intrinsic magnetization per domain increases with| 
decreasing temperature, as indicated by the change of B, and| 
47I, in Fig. 6. Therefore, magnetized ellipsoids with working | 
points on the upper part of the demagnetization curve} 
increase in strength on cooling and decrease in strength on} 
reheating, without change in domain orientation. For? 
ellipsoids with working points on the lower part of the curve, | 
cooling gives a similar increase in intrinsic magnetization per | 
domain, but, due to the reduced coercivity, the total mag: | 
netization at the working point is reduced. This change can’ 
only be achieved by partial domain re-orientation or boundary, ; 


| 
| 
] 


ihovement and such changes are mainly irreversible, giving a 
agnetization loss on reheating to room temperature. If the 
lipsoids are magnetized at low temperatures, the residual 
fagnetization is less than after being magnetized at room 
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| Fig. 6. Demagnetization curves of Alcomax III at +15, 


| —75 and —180° C, showing also the unit permeance lines 
for the dimension ratios used 


} Saturation intensity 47J;, 14100G at +15°C, 14300G at 
=75° G, 14 700 G at —180° C. 
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-Mperature by an amount which is in rough agreement with 
¢ Change due to cooling the magnetized ellipsoid, as shown 
Table 3. 


Table 3. Comparison of magnetometer measurements 
with the change in the residual magnetization 


Decrease in Loss by 
4nI at working magnetometer 


Decrease in Loss by 
f 4x1 at working magnetometer 
- Dimension 


point 15 to 15 to —60° C point 15 to 15 to —180° C 
ratio = J9-C. CY) CA —180° C (%) (%) 
4-5 1-02 0-5 5°8 3) as) 
38a) Bi) 2-3 9-9 IES 
2:66 4-56 Bos 14-8 Qe) 


| in order to obtain further evidence for the explanation 
tlined above, an additional experiment was performed. 

| Untempered Alcomax has a coercive force which increases 
onsiderably at high temperatures. A magnet in this state 
agnetized at a high temperature should, therefore, lose 
uch of its magnetization on cooling to room temperature. 
his was confirmed as shown by Table 4, which gives the 
‘ses in magnetization expressed as a percentage of the 
jagnetization at 360° C. 


Table 4. Changes after magnetization at 360° C 


Dimension Percentage loss in magnetization at: 
ratio 360° C 300° C 100° C 2ONG. 
4°5 0 2S 27 42 
S525) 0) 6:0 40 59 
2:66 0 6:0 41 61 


| Since there is no apparent physical reason for the maximum 
| the magnetization at about 0° C shown in Figs. 2, 3 and 4, 
| experiment was performed to study this point. Fully- 
ated ellipsoids were magnetized at temperatures of 190 
hd 270° C and observations were taken of the magnetization 
hriation on cooling. In each case there was an increase in 
ength over the greater part of the cooling range, followed 
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by a decrease between 80°C and room temperature. The 
curves are similar to those obtained between room tempera- 
ture and —10° C after magnetization at room temperature, 
except that the maximum strength is 1 to 2% higher than at 
the initial magnetization, and the final strength at 15° C is 
still somewhat higher than that obtained at the magnetization 
temperature. 

The changes in the coercivity of Alcomax with temperature 
have no complete explanation as yet, although a correlation 
with the magneto-crystalline anisotropy has been previously 
discussed.) There is a maximum in the coercivity of 
Alcomax, in the untempered state, at about 450° C and in 
the normal tempered state at about room temperature; no 
such maximum has been found in the cases of Alnico or 
cobalt steel. 

The normal tempering process for Alcomax is that which 
has been found to give the best room temperature properties. 
It is now clear that this process gives a maximum in the 
coercivity/temperature change at room temperature. It has 
been found that by extending the tempering treatment to 
48h at 599°C, 120h at 560°C-and 100h at 530°C the 
percentace changes in magnetization between 15 and —75° C 
are as follows: 


L/D 4-5 gain 0:23% 
Ee) D 3°5 loss 0-65% 
L/D 2-66 loss 0:81% 
coercivity 685 oersteds 


It is clear that the further treatment at 560 and 530° C gives 
a marked improvement in the temperature stability of the 
magnets, even though the room temperature coercivity value 
is not greatly changed. 


CONCLUSIONS 


There is a reversible increase in the magnetization of 
Alcomax IIL magnets with working points above the BA ax 
point as the temperature is decreased below room temperature. 

There is an irreversible decrease in the magnetization of 
Alcomax HI magnets with working points below the BH,,,,, 
point as the temperature is decreased below room tempera- 
ture; this effect also takes place with Columax. The irre- 
versible decrease is greatly reduced by prestabilization or by 
a precooling cycle or by modification of the normal tempering 
treatment given to the alloy. 

These changes can be correlated with the temperature 
changes of the demagnetization curve. 

In the case of Alnico and the cobalt steels there is a 
reversible increase in the magnetization on cooling below 
room temperature which is independent of dimension ratio. 
For these materials, the irreversible decrease on heating to 
60° C is much more evident than for Alcomax, but this loss 
is eliminated by prestabilization with an alternating field. 
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The cracking of layers of brittle material by differential strains 
By D. J. MiLLarb, B.Sc., Ph.D., National Coal Board, Cheltenham, Glos. 
[Paper received 6 December, 1954] 


The cracking of a brittle layer of elastic material due to differential straining has been investigated 
with a view to discovering what factors govern the pattern o 
strain pattern. An analysis of the stress equations e 
parameters only are involved, the ratio of the applied strains to the breaking strain and the 
ratio of the crack spacing to the layer thickness: the shape of the curve relating these parameiers 
Evidence in support of the analysis is obtained from the 


is deduced by physical argument. 


observed cracking of brittle beams when subjected to a uniform st! 


The formation of cracks in a layer of brittle material suffering 
differential straining is of wide interest and has been studied 
from several standpoints, including work on the drying of 
clay,-3) the cracking of the lacquers used in brittle coating 
stress analysis,4-® and the crazing of the glaze on ceramics. 
The work described here, although perfectly general in nature, 
was carried out as part of a programme on the cracking that 
takes place in metallurgical coke due to differential shrinkage 
effects occurring in the coke oven. The stresses were con- 
sidered in the material between cracks in a layer subjected to 
differential strain effects. These effects may occur, for 
instance, because of uneven temperature distribution in a 
sheet of ceramic or differential loss of volatile matter from 
a sheet of coke. The stress equations have been set up and 
studied to find the conditions prevailing when the stress 
relief due to the opening of cracks is just sufficient to reduce 
the maximum stress present to less than the breaking stress. 
The equations are not amenable to numerical solution but 
the factors influencing crack spacing have been deduced 
from them by dimensional arguments. The results of this 
analysis have been tested by experimental observations on 
the cracking of beams of brittle materials when differentially 
strained by bending in arcs of circles. 


THE CASE OF PLANE STRAIN 


Consider an infinite layer of homogeneous isotropic 
material of thickness ¢, the base of which is constrained so 


that it cannot change from its original form (Fig. 1). Let a 
ul y=t, e=«,.f(t) 
Zz 
x Y= 0,€=€9. f (0) 


Fig. 1. Model for case of plane strain. Surface y = 0 


constrained to pre-shrinkage condition 


change take place in this material such that were any element 
free it would shrink, let this desired shrinkage have com- 
ponents in the x direction only (€ = €,, €, = €, = 0) and 
be of the form ¢ = €). f(y) where f(y) is an increasing 
monotonic function such that f(0) = 0 and f(t) =1. Then 
it can be shown’) that the stresses in the layer due to the 
suppression of these strains, that is due to the layer retaining 
its original form in spite of the desire to shrink, are given 
by the solution to the equations: 


Vo, + 0,) = —[Eegi(l — JQ») 0, = Wo, + 4,) 
(d0,/dx) + (07,,/d¥) =9 (Qay,/dy) + (0T,,/dx) = 0 


subject to the boundary conditions o,, 7,, = 0 at the free 


y? 
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f the cracks produced by a given 
leads to the conclusion that two dimensionless 


rain gradient by bending. 


surface y = t where o,, , are normal and 7, shear stresses, / 
E is Young’s modulus, v is Poisson’s ratio and V* has its 
usual significance. Before cracking takes place (i.e. for} 
d/dx = 0) these equations show the stress system present to os 
o, = [—Eeql(l — WFO) ay =0 | 
[—vEe /1 — VD) FO) St = 9 y 


Now consider what happens when the shrinkage is increased i 
until o,. locally reaches the tensile strength of the material at is 
some point. A crack forms and stress magnification at its) 
tip causes it to run through the thickness of the layer. This 
produces a new free boundary, and the stresses in the regior ig 
of the crack are altered by the partial relief of the suppressec 2 
strains due to the opening of the crack. Such relief may iu 
best be considered in terms of the relief produced betweer i 
two cracks and the possibility of such relief preventing furthe) 
(intermediate) cracking. For reasons of symmetry it may be 


o, = 


hd 
seen that the minimum stress relief occurs midway betweer 
two cracks, and that this minimum relief itself decreases at 
the spacing of the cracks increases until it becomes negligible} 
for widely-spaced cracks. Thus, if the limits of the tensile? 
strength of the material are known, it should be possible tc 
produce an estimate of the maximum crack spacing to be) 
expected for a given state of shrinkage, this being the spacing 
at which the stress midway between cracks may be regardec ) 
as just relieved. It follows that the minimum crack spacing) 
to be expected under the same conditions is half this maximums 
spacing, and represents the final stage in a sequence, the! 
penultimate stage of which was a crack spacing only jus) 
larger than the permitted maximum. Thus for a given state} 
of strain in any one specimen the crack spacing produceci 


the manner of initiation of the first cracks. of 

To attempt to determine the spacing of cracks producec)i 
in the above manner, consider a layer of material boundec): 
by the surfaces y = 0 and y = ¢, and containing two cracks} 
running parallel to the z-axis at x = +s (Fig. 2). We are) 


f 


Fig. 2. Model for case of plane strain—two cracks 


interested-in obtaining the relationship between o., at points! 
along the line (x =0 y =D), 5, the elastic constants of the) 
material, and the shrinkage function «, with a view to deter ; 
mining 2s as a function of all other variables for the specia : 
case of (c,)o,, equal to the lower limit of the tensile strength 
of the material. In this particular case the stresses betweer) 
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acks are given by the equations previously set out, subject 
| the boundary conditions that: 


Be Ur Tage at ee eS 
CeO iy = at yt 

| 

|o,,7,, = unknown constraining forces at y = 0. 


|The equations are not readily soluble, but their solution 
just be of the form 


o, = [—Eey/(1 — v)]. fi @, », constants) 


jnere f, is some unknown function and the constants depend 
plely on the boundary conditions. Thus we may write 


o, = [—Eeq/(L — +]. A(xyst) 


, specifically considering the stress at points given by 
i= 0,y=1t 


Coe= [—Ee/(1 — v)]. AG, 2 


‘When conditions are such that (O,)o + = O the breaking 
zess of the material, we may then write 


o, = [—Ee/A — v)]. fils, D 


nd this is the form of the equation relating the estimated 
jack spacing 2s with the other parameters in the problem. 
‘ow it can be seen from the stresses present in the layer 
eFore cracking starts that 


[—o, — »)/E] 


; the suppressed strain necessary to produce the first crack 
| the material. It is convenient to denote this quantity by 
p= symbol e, the “breaking shrinkage,” i.e. the breaking 
» ain of the material as measured under the conditions of 
I" problem. [This differs from the tensile test breaking 
ain for a rod by the factor (1 — v).] 


Thus we may write 
E../€o = 1S t) 


ne only other information obtainable is the statement of 
eometrical similarity. Since ¢g/e, is a numeric it follows 
jat f. must be a function of s/t as required by geometrical 
ilarity. Hence we may finally write 


s = tf3(€o/e,) 


». the crack spacing must be proportional to the thickness 


eter only, this latter being the ratio of the total shrinkage 
at has taken place to the shrinkage necessary to produce 
ae first crack. 

‘It is not possible fully to evaluate the function f;, which 
: pends on the spatial pattern of the shrinkage strains, with- 
t solving the formal stress equations. Later in this paper 
h experimental determination of f, is given for the case of 
iaterial subjected to a uniform strain gradient. This was 
ibtained by observing the crack-strain relationship for brittle 
pecimens as they were bent in arcs of circles. 

| At this stage of the argument, however, some indication as 
» the general nature of f,; may be obtained by physical 
tguments. It is to be expected that the curve relating 2s/t 
p €,/e, will fall sharply in the region €)/€. just greater than 
nity as the first cracks appear and the major uncracked 
bgions are reduced in size. It is also to be expected that when 
/e. is large the curve will tend to flatten, as when 2s/t is 
all the displacement needed to relieve even a large linear 
‘rain must be small compared with the thickness of the 
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can readily be obtained by small permissible shear deforma- 
tions of the material near the cracks. Thus increasing €)/e, 
will tend more and more to lead to the felief of x-stresses by 
shear deformation throughout the small uncracked regions, 
and less and less to the relief of stresses by cracking of the 
sort discussed above. 

These arguments have so far been applied to a sheet of 
material kept flat by constraints applied to one surface, but 
the analysis is perfectly general and still holds even if the 
material be completely free. In this latter case, however, the 
strain pattern producing cracks must be regarded as only 
that part of the applied shrinkage that cannot be accom- 
modated by simple bending. 


CRACK PATTERNS DUE TO SHRINKAGE 
IN THREE DIMENSIONS 


Consider now a layer of material in which the shrinkage 
pattern is given as 
€, — €,, ep (y) 


f(y) being of the form previously considered. It is convenient 


to consider €, as zero since any shrinkage in the y-direction 
can be completely relieved by contraction of the layer without 
the production of elastic stresses. As €9 increases the stresses 
generated by suppression of the shrinkage increase until 
eventually, at some point on the surface, the stress reaches 
the tensile strength of the material and a crack is formed. 
This crack then allows local relief of the stress perpendicular 
to its length, any relief parallel to its length being a second 
order effect due to Poisson’s ratio. Thus to relieve both 
x- and z-components of stress, cracking must take place in 
at least two directions. Once such cracking has started, 
consider the stress system near two cracks that happen to 
intersect. Taking one crack as a reference line and moving 
along it away from the point of intersection, the relief of 
stress components perpendicular to the reference remains 
constant, but the relief of stress components parallel to the 
reference decreases as the distance from the intersecting crack 
increases and the effect of that crack becomes less. Even- 
tually a point is reached at which “parallel” stresses are 
virtually unrelieved and further cracking must take place 
both to relieve the stress components parallel to the reference 
and to continue relieving stress components perpendicular to 
the reference. It is sufficient that the original crack should 
divide into two branches, and, from the inherent symmetry 
of the system, it is to be expected that the two branches will 
form a symmetrical fork. The angle of formation of such a 
fork is not readily predictable, but once initiated, the cracks 
may be expected to assume a 120° configuration from strain 
energy considerations. Once a fork is formed the prongs 
then spread until they too must divide, the process continuing 
until a pattern of hexagons is built up. 

Once the hexagonal crack pattern is formed, it is con- 
venient to approximate individual hexagons by circles and 
to consider the stresses in one “island” of the crack pattern 
as shrinkage continues. The stress equations for a given 
island are now most conveniently expressed in cylindrical 
co-ordinates and, as in the case of plane strain, analysis of 
these equations leads to the conclusion that the “‘island 
diameter’ 2s must be proportional to layer thickness f¢. 
Once the island pattern is formed, however, further cracking 
may take place in either of two different ways. The first 
possibility is that further cracks are initiated by stress magni- 
fication occurring at some irregularity in a crack bounding 
an “island.” If this occurs, a crack will start from the edge 
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of an “island” and proceed in the manner already described, 
thus producing a secondary pattern of minor hexagons within 
each “island.” The second possibility, which might be 
expected to occur in a theoretically perfect material, is rather 
different from that previously mentioned. If there is no local 
irregularity to initiate cracking at an edge, then radial cracking 
is expected, producing a star pattern within each island. 
This follows from a consideration of the surface stresses in 
each cracked region. The radial and tangential stresses, 
o, and og are a maximum in the free surface of the island, 
and, for reasons of symmetry o, is a maximum at the centre 
of the island and decreases to zero at the edge (r = s) as 
required by the boundary conditions of the stress equations. 
However, co) does not vary in this way. The equilibrium of 
segments of material near the origin requires that o, = oy 
at the origin, but at all other points og is greater than @,. 
This follows from the fact that stress relief is, in general, 
greater for radial than for tangential stresses, since the relief 
of tangential strain at any point is, from simple geometry, 
proportional to the radial displacement at that point, and 
this radial displacement is itself proportional to the mean 
relief of radial strain taken over the radial length from the 
origin to the point considered. Thus as shrinkage proceeds 
og is greater than o, so cracks are propagated preferentially 
to the relief of op, ie. under ideal conditions cracks spread 
radially producing a star pattern within each island. 


SUMMARY OF THEORETICAL CONCLUSIONS 


At this stage it is convenient to summarize the conclusions 
drawn from the foregoing argument. They are: 


(1) the crack spacing produced by unidirectional differential 
suppressed shrinkages in a layer of brittle material is 
proportional to the thickness of the layer. It may 
vary by a factor of 2 : | depending on the position of 
initiation of the first cracks, and depends on the 
shrinkage pattern in a manner not readily determinable; 

(2) in the more general case of isotropic shrinkage cracking 
takes place by the formation of a hexagonal crack 
pattern, the size of which is proportional to the thickness 
of the layer of material; 

(3) the only parameter other than layer thickness affecting 
the crack pattern is the ratio of total shrinkage to 
breaking shrinkage. If this parameter is large a 
saturation condition may be reached and no further 
cracking may occur. 


EXPERIMENTAL STUDY OF CRACK PATTERNS 


The experimental work was designed to test three of the 
major conclusions drawn from the theoretical analysis, 
namely, that the spacing of cracks produced by differential 
straining is proportional to the thickness of the strained 
layer, depends on the total shrinkage divided by the breaking 
shrinkage, and tends to a saturation value for large shrinkages. 

The strain system investigated was the constant strain 
gradient produced in a beam bent into an arc of a circle, 
the tensile stresses produced in the upper part of the beam 
then being analogous to the stress system produced by a 
constant suppressed shrinkage gradient. To prevent speci- 
mens falling apart once the first crack was formed, the 
bending was done either by constraining the specimen 
between curved jigs or by fixing it to a spring steel base and 
then constraining the base to a curved jig. When cracks 
had formed, the crack spacing was measured and compared 
with the ‘“‘equivalent shrinkage”’ to which the beam had been 
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subjected, i.e. with the strain the top surface of the bea ay 
would have suffered had it not cracked. 

As wide a range of specimen size and material as possible (© 
was used to make the experimental testing of the theoretical 
conclusions as rigorous as possible, specimen thicknesses” , 
covering a range of 5 : 1 (4-0 to 0-8 cm) for four test materials, 
namely, glass, sealing wax, Bakelite X5337 and uncured [ 
Araldite. This latter is a thermo-curing resin adhesive. | 
Details of the physical properties of these test materials are | 


4 


given in the table. ke 


Physical constants of materials used in the experimental study } 
of the cracking of brittle solids At 


Tensile strength a 
in dyn[cm2 


Young’s modulus i 
(calculated from |) 


in dyn|cm2 Breaking strain~ 


Material (measured) (measured ) columns \ and 2). 
Glass 5-4 * 10"! SES Ose = ales 10° 
Sealing wax 5-4 x 10°. 8:0 x 10-4 4-3 x 107 
Bakelite X5337 6:0 x 10! AA SEO 2°6.X: 10% tl 
Uncured Araldite 2-8 x 10!° 4-8 x 10-4 1-3 x 107 1 


The testing of the theory lay in plotting the observed crack Ds 
spacing using rational parameters deduced from the theoretical b 
analysis and seeing that in spite of the wide variation in the b 
properties of the materials used, essentially the same curve 7 
was obtained in all cases and that it tended to a saturatio: pi 
value as predicted. i 

For the jig experiments, specimen beams 18:0 x 1-3 cm ft 
were compressed between the male and female members of a. i 
series of jigs, the radii of these jigs varying in a geometrical 
progression of ratio 1/2 from 3:3 to 570cm. Thus the | 
conditions differed from those set out in the analysis of the » 
case of plane strain in three respects; the constraint of the 
regions between cracks consisted of stresses on both upper /@ 
and lower surfaces of the material and not of stresses on one ic 
surface only; there was a uniform surface pressure added to- i 
the conditions of the analysis; the specimens had tensile 7 
strains in the upper and compressive strains in the lower \y 
surface, whereas the analysis was for tensile strains in the ik 
upper and no strains in the lower surface. Fig. 3 shows the 


results of these experiments. It is a graph of crack spacing. if 


id IS 20 al 
Eo /€ = 
Experiments on beams constrained between jigs. 
Plot of crack spacing divided by specimen thickness (2s/t) | : 
against strain parameter (€9/€,) ay 


Fig. 3. 


x = sealing wax; eo = glass; O = Bakelite F 
divided by specimen thickness (2 s/t) plotted against equivalent \ 
shrinkage divided by breaking shrinkage (€)/e,). It will be } 
seen that for the three materials tested all points lie sub- 
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jantially on the same curve, and that this curve reaches a 
jturation value as predicted. 

Jn. the experiments with beams mounted on spring bases, 
ecimen beams were mounted on strips of spring steel by 


Peer 
mere 
| | 
! -\ 
Le 
: here 
ae ee 
Qe? dx 34 as oe E 
‘© 5 To) IS 20 
€5/Ec 


E Fig. 4. Experiments on beams mounted on spring bases. 
+ Plot of crack spacing divided by specimen thickness (2s/f) 
against strain parameter (€9/e.) 

< = sealing wax; e = glass; © = Araldite 

kcans of Araldite cold-setting adhesive. These beams were 
feen Strained by bending the steel base to conform to the 
wale portion of the various jigs described above. The con- 
ju1ons thus set up in the specimen differed from those set 


ere is now abundant evidence that a low pressure gaseous 
inductor, in which beams of electrons are present, can act 

a source of high-frequency oscillations. The processes 
curring are complicated,“) but it is certain that the fre- 
luencies are not much different from those predicted for the 
Hee oscillations of the plasma electrons amongst a stationary 
atrix of positive ions. The frequency v of such oscillations, 
\ absence of friction and electron pressure effects, is 


v = [Ne?/(zm)]* (1) 


there N is the electron concentration, and e and m the charge 
hd mass of an electron. The least electromagnetic wave- 
ngth obtained which has been reported, as far as the 
luthors know, is 5 cm.) Brief descriptions are given below 
f some experiments in which 3 cm waves (104 Mc/s) have 
een obtained, although the power obtained was minute. 

LA fundamental difficulty in producing waves of very short 
tavelength is [equation (1)] that the frequency is proportional 
Inly to the square root of the electron concentration, and 
b, for example, a concentration of approximately 10!3 per cm? 
tould be needed for 1 cm waves. Methods available for 
hcreasing N in hot-cathode discharges include: 


= 
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out in the analysis in one respect only; since the neutral axis 
of the compound beam was in the steel, the lower surface of 
the specimen was in tension. This would correspond to an 
overall shrinkage added to the conditions of the analysis, 
and so should not invalidate the application of the analysis 
to the results of these experiments. As before, the observed 
crack spacing was correlated with the applied deformation. 
Fig. 4 shows a plot of 2s¢ against €/e. for the materials 
tested, and, as in the previous case, is of the predicted form. 
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High-frequency plasma-electron oscillations 
y Prof. K. G. Emegus, Ph.D., F.Inst.P., and R. A. BAILEY, B.Sc., Ph.D.,* Physics Department, Queen’s University, Belfast 
[Paper first received 23 December, 1954, and in final form 20 January, 1955] 


Methods are considered for increasing the concentration of plasma electrons and the plasma 
electron frequency in low pressure gaseous discharges traversed by electron beams. 
charges are described which generate oscillations with a frequency of approximately 104 Mc/s. 


Two dis- 


(i) increasing the electron emission from unit length or 
unit area of the filament; 
(ii) concentrating the primary electron beams from a large 
area of cathode into a small volume; 
(ili) increasing the amount of ionization produced per 
primary electron in that part of the discharge where 
the oscillations occur. 


Method (i) is limited by the thermionic properties of 
available materials. Method (ii) is limited by the practical 
difficulty of removing the heat generated in a small volume, 


‘and by the fact that the authors have found that lower 


frequency ionic or relaxation oscillations often occur where 
primary electrons are focused, with accompanying irregularity 
of the plasma electron oscillations. Method (iii) might be 
applied (a) by using primary electrons with energy near that 
at which there is maximum chance of producing ionization 
in single impact with a gas molecule, or (b) by increasing the 
gas pressure. Condition (a) has not proved useful with the 
tubes used, in which the strongest oscillations have been 
consistently obtained under operating conditions not far 
from those near the saturation ‘“‘knee”’ for the current versus 
voltage characteristic of a tube with a bright emitting filament, 
i.e. with electrons well below optimum ionizing energy. Best 
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results have so far been obtained with condition (5). At 
least in the pressure range for which each primary electron 
ionizes not more than once in the tube, the rate of production 
of ions per primary electron is proportional to the gas 
pressure, and although it cannot be stated, without detailed 
application of the plasma-balance equations, exactly how the 
equilibrium concentration N will be changed in this way, 
an increase of N and vy with increase in pressure would be 
expected, and has generally been found. 


EXPERIMENTAL METHODS AND RESULTS 


The oscillations were detected by two coaxial line wave- 
meters, having outer diameters of 2:2 and 0:64 cm respec- 
tively, with a crystal across the open end. The closed end 
was a piston, the position of which could be varied. The 
electrode picking up the high-frequency oscillations in the 
tube was connected to the central conductor by as short a 
length of shielded line as was practicable, but it was not 
possible to reduce the length of the connexion below 3cm 
(tube A) or 8 cm (tube B). Since it is doubtful if any extended 
volume of plasma oscillates coherently, the pick-up arrange- 
ments in the tube are necessarily less standard and. simple 
than in a cavity resonator, and the problem of matching the 
tube to the wavemeter presents difficulties which have not 
yet been satisfactorily overcome. 

From the considerations set out above, the authors aimed 
at decreasing the wavelength by increasing the pressure. 
Most experiments were made with two tubes (A and B) 
containing argon, used on the pumping train. With tube A 
a minimum wavelength of 3-8cm was reached, and with 
tube B, 3:0 cm. ; 

The construction of A, a cylindrical diode without a probe, 
is shown in the figure. The arrangement on the left of the 
figure enabled the wavemeter to be connected through the 


Tube A for generating short waves. Electrode supports 
and leads in the tube are shown by thick lines 


rod X either to the end of the filament or to the anode, by 
rotating the ground joint at the right. The filament, made of 
0-2 mm diameter tungsten, was 4:6cm long. At an argon 
pressure of 3 x 10~2mm of mercury, oscillations of wave- 
length between 10 and 20cm were readily obtained, as 
before.) On increasing the pressure, the minimum wave- 
length obtained for a given emission current steadily decreased. 
Oscillations were generated up to a pressure of 1-3 x 107! mm 
of mercury, but were then so feeble as to be barely detectable. 
Typical discharge conditions for obtaining a wavelength of 
3-8cm were: pressure, 1-22 x 10-!mm of mercury; tube 
voltage, 21:0 V; tube current, 0-30 A. The rectified crystal 
currents obtained with the wavemeter connected to the 
filament were about four times those obtained from the 
anode. It was otherwise immaterial which electrode was 
employed. 

Although this tube yielded shorter wavelengths than had 
been hitherto reached, it was not considered entirely satis- 
factory, as the internal oscillation pattern probably had 
maxima at radial distances which did not coincide with the 
anode.) A modification of the convenient adjustable tube 
used by Neill® was therefore set up (tube B) in the form of 
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a stemmed bulb 10-7 cm in diameter. The pick-up electrode Xo 
was a movable flat probe, 4 x 3 mm, supported by a shielded i 
wire. The shield was composed of a fine glass tube 3-9 cm jy 
in length, with above this a fine earthed metal tube. The 
probe could be set accurately and rapidly where it picked up | 
the strongest oscillations. 


The longer wavelength (10-40 cm) oscillations generated 


a] 
i 


by this tube with argon at a pressure of a few 10-3 mm of i 
mercury were similar to those described previously.?; 9) The f 
short wavelength oscillations generated at higher pressure} 
were, however, of slightly higher frequency than those | 
obtained with tube A. The tube generated oscillations for i 


pressures up to 8:5 x 10-2mm of mercury. 1 


Ae oes 
—- 


They then |7 
occurred near the saturation ‘‘knee’’ of the current versus i 
voltage characteristic curve of the tube, which was rounded, }/ 
presumably because of the relatively high pressure. As 

anticipated from earlier work, the probe had to be set very 31 
close to the filament, at distances of the order of a. ! 
to obtain maximum pick-up. It probably intersected the |) 
equivalent for this discharge of the disturbed region of plasma, {f 
discovered by Druyvesteyn and Warmolz™) and since studied 
in more detail for flat cathodes in this laboratory. Typical} 
discharge conditions for which a wavelength of 3-0 cm was \\ 
obtained were; pressure, 7°0 x 10-*mm of mercury; tube\7 
voltage, 24:0 V; tube current, 0:235 A; probe, 0-6 mm from’ 
filament at its centre. The power withdrawable was again ® 
minute, and only of the order of a microwatt or less. | 


| 


CONCLUSION 


The conclusion drawn from these experiments concerning 

the possible use of plasma-electron oscillations as signal } 
z 4 oF at) 

generators at about 104 Mc/s is the same as that drawn’ 


: ieee er! 
previously for oscillations of greater wavelength,” namely, 
: 


that the small power available and the variability of gaseous | 
discharges appear to rule them out, at least if tubes of con- b 
ventional design are employed. The experiments have, // 
however, been satisfactory in confirming the trend of the} 
results predicted from theory as a result of an increase in}; 
pressure. The general accord with theory also extends to} 
the amplitude of the oscillations, which would be expected 
to decrease with increase of pressure because of the disturbance h 
of the regular oscillations of the plasma electrons by collisions 0 
with molecules, and because of the angular scattering of the} 
beam electrons from the same cause. It would, nevertheless, g 
be unsafe to assume that some other form of localized dis- 
charge, e.g. the plasma close to the cathode spot of a pool 

arc cathode, might not ultimately be found capable of giving | 
oscillations of higher frequency, although with the increased # 
density of ionization required by equation (1), disturbance of ; 
regular motion of electrons by ionic fields, as distinct from} 
the fields of neutral molecules, might then prove to be als 
limiting factor. at 


r) 
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1. INTRODUCTION 
fe conduction of heat in a solid is described by the equation 
; div K grad U = cp(0U/dt) (1) 


[here U is the temperature, ¢ the time, and K the thermal 
nductivity of the solid, c its specific heat and p its density. 
_« is constant, this equation simplifies to 


| V2U = (1/D)QU/d1) (2) 


Here D = K/cp is the diffusivity of the solid. If the flow 
i heat is one-dimensional, equation (2) becomes 


| d2U/dx2 = (1/D)U/dt) (3) 
Formal solutions of these parabolic partial differential 
huations, for prescribed boundary conditions and given 
‘tial conditions, are often difficult and complicated, and in 
kany practical problems a numerical method of solution is 
/-eferred, e.g. one in which the partial differential equation 


| approximated by a finite difference expression. For 
stance, equation (3) has often been replaced by 
asi = es ae at m=Ien a 20 ae UF 1) (4) 


jhere U,,, is the temperature at the point P,, (Fig. 1) at the 
ye t= not, and 
a = (dx)?/D65t ° (5) 


| 
I and d+ being the space and time intervals in which the 
merical solution is computed. Beginning with the known 


Pmt Fm Pm+t 


| Fig. 1. Points at finite intervals dx used in difference 
approximation to partial differential equation 


litial conditions (at n —0), the temperature values for 
/= 1 can be evaluated from equation (4) for all points P,,, 
hd then from these the temperature for n = 2, etc., until 
he solution for the whole time range T = Not has been 
uilt up. Equation (4) has, therefore, formed the basis of 
hany computational or graphical methods for the solution 
heat conduction problems (Schmidt, Emmons, 
businberre,@) and others). A well-known restriction (see, 
:g. Price and Sarjant,@ or O’Brien, Hyman and Kaplan), 
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i The solution of transient heat flow and heat transfer problems 
by relaxation | 

| By G. LigBMANN, D.Phil., F.Inst.P., Research Laboratory, Associated Electrical Industries Ltd., Aldermaston, Berks 
[Paper received 14 October, 1954] 


It is shown that by choosing a suitable finite difference approximation, parabolic partial 
differential equations, e.g. the heat conduction equation, can be converted into a series of boundary 
value problems of the Poisson type, each with specified boundary conditions, which can be easily 
solved by Southwell’s relaxation technique. The method is first discussed’ with reference to the 
one-dimensional case, and is then generalized to problems in (x, y)- and (r, z)-co-ordinates. 
Heat transfer problems can be brought within the scope of the method. The outstanding 
characteristic of the method is the very stable nature of the solution for all values of the time 
interval; this permits the choice of relatively great time intervals, so that a complete solution, 
extending over a long period of time, may be obtained in a small number of steps without loss 
of accuracy. The required relaxation patterns are given and several numerical examples are 
included. 


however, lies in the condition that the time intervals nave to 
be made small enough that 


6 I) (6) 


to ensure “‘stability” or convergence of the solution. 

The truncation errors of the approximation, equation (4), 
are of 0(6x)* and 0(6r). A better approximation, in which 
the truncation errors are of 0(dx)? and 0(6/)2, and which is 
stable for all values of «, has been given by Crank and 
Nicolson, but their method involves more terms and 
requires an iterative procedure. 

More recently, Allen and Severn”) showed how one can 
bring the heat conduction equation within the range of the 
relaxation technique.) Their ingenious method consists in 
first transforming equation (3) into a fourth order differential 
equation for a substitute function w, containing only even 
orders of derivatives. By suitably choosing the transformation 
function, conditions are obtained for w at the end points 
t =0 and t =T of the required time range. In this way, 
the problem described by equation (3) is turned into a 
boundary value problem in the co-ordinates x and ¢, which 
is then solved by the usual methods of the relaxation technique. 
The higher order of the substitute partial differential equation 
necessitates, of course, a more complicated relaxation pattern 
than for the second order equation. Moreover, the one- 
dimensional equation (3) requires a two-dimensional relaxa- 
tion net, and the two-dimensional forms of equations (1) or (2) 
would need three-dimensional relaxation systems. 

In this paper, a method for the numerical solution of the 
equations (1), (2) or (3) by a more direct and rather simpler 
relaxation technique will be described. 


2. AN ALTERNATIVE FINITE DIFFERENCE 
APPROXIMATION 


The new method of solving the heat conduction equation 
by relaxation will be explained with reference to the one- 
dimensional equation (3). The generalization will be carried 
out in Section 7. 

The finite difference approximation, equation (4), had been 
obtained by replacing (0?U/dx?),, at the point P,,, (Fig. 1) by 
(Un tn — 2U nn + Um 1 /8x? and (QU/dt),, at the time 
t = not by (Un n+ — Um»)/St. However, an equally good, 
and equally justified, first approximation to (0U/0¢),,, at the 
time r=ndrt is (U,, — Up,,—s)/5t. Using this latter 
approximation, the finite difference approximation to 
equation (3) becomes 


Uneian ek ZUG ae Oa = os (OES BA UF 4) (7) 
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The truncation errors of this approximation are of 0(dx)? 
and 0(8r), as for the approximation, equation (4); the trunca- 
tion error 0(5f) can be reduced to an error 0(6r)? by a simple 
extrapolation technique given in Section 6. 

Equation (7) has two important characteristics; first, while 
this equation gives a relation, at each point P,, at the time 
ndt, between four unknown and one known value of U, this 
relation is of exactly the same type as that used so successfully 
in the relaxation technique for solving Poisson type partial 
differential equations.) Hence, the usual relaxation tech- 
nique can be applied in a very direct and simple manner. 
Second, the solution based on equation (7) is very stable, for 
any value of ~; one can therefore choose relatively long time 
intervals 5t, without the danger of finding an oscillating or 
diverging solution. 


3.° THE STABILITY OF THE RELAXATION 
SOLUTION 


The stability of equation (7) for all values of a can be 
shown in several different ways, e.g. by the von Neumann— 
Hartree method.©:® A more elementary way of investigating 
the stability of equation (7), which also gives a more detailed 
insight into the effect of computational errors, is to introduce 
an error € at the point P,, at the time (m — 1)és, and to 
evaluate from ees (any, ‘the resulting errors eae in the 
temperatures U,,,, for different points P,, at the time not. 
The errors A,,,, also satisfy equation (7), with the values 
A = 0 at the boundaries, i.e. 


NNO ae =(An- In ai we +1, a CN n— pi(2 a0 o), with ae nate 


In the first approximation of this evaluation of the resulting 


errors, One assumes, as a first step, Nea r= Ant n= 0. 
Then 

ae i [x/(2 AE a)Je (8) 

As the next step, one assumes A,, 5 ,, = A,,.2, = 0, and 

evaluates A,,_;,, and A,,,, ;, from equation (7) with the value 


of A 


mn from equation (8) and An—in—1 =. This gives 


A = Anal, inate ae /(2 an)? = An, ae als a) (9) 
and generally A,,_,, = Aminn = Amnl(2 + o)". 


m—Il1,n 


In a second approximation, instead of assuming for the 
first step initial values of A,,_;,, =... =0, one uses the 
values of the first approximation, which gives a pees 
factor [1 + 2/(2 + «)?] in equation (8) for A,,,, 

For « — oo (very short time intervals 6/), ee aeons 
factors >1, and A, , =[a/(2 + «Je ~ « and A, 4, ~ 0, 
i.e. the error ¢€ remains localized at the point Px ‘and is 
transmitted nearly unchanged to the temperature value at the 
next time interval. The smaller «, i.e. the larger the time 
interval, the more the error « becomes distributed over 
neighbouring mesh points, its maximum value decreasing 
correspondingly; indeed, it can be shown that all errors 
Ann Tesulting from the error € at (n — 1)dr have the same 
sign as e, and that their sum is always smaller than, or at 
most equal to, «. Hence, as the solution proceeds, numerical 
errors made will tend to disappear as A,,,, =0 at the 
boundaries, where values of U,,,,, are prescribed. In practice, 
error cancellation occurs quite rapidly if the final residuals 
of the relaxation process are always well distributed, such 
that positive and negative residuals, i.e. small negative and 
positive computational errors ¢«, are mixed, and of roughly 
equal value, as is anyway desirable in the application of the 
relaxation technique; then the ultimate “‘liquidation” of the 
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numerical errors € at the boundaries is much less impor it 


at the interior mesh points. 


4. THE RELAXATION PROCESS 


Equation (7) can be put immediately into a form suitable | 
for relaxation 


Bran == UD tae Uin+An = (2 FO)U pa WU an A | 


m— 
where %,,,, represents the residual at the point P,, at the: } 
time n5t. The corresponding relaxation pattern is shown - ; 
Fig. 2, the numerals within the circles indicating, in thi 


; | 
OGIO | 


Pm-t Pm Pmt! 


Fig. 2. Relaxation pattern used in solving one- 
dimensional heat conduction equation (3) 


customary manner, the change in the residuals at the poingyy 
represented by the circles due to a unit increment, AN oes 
ater 


forward manner, starting from trial values of U,,,,, 


in relaxation. When « is small (dr great), it can often al 
disregarded in the term —(2 + a) during the. selenntion: a” iS 


any subsequent checking of the resin is the correct )7 
inclusion of the « terms needed. oa 

As an example, Fig. 3 shows the temperature distribution i i 
a thermally insulated infinitely long bar, computed by relaxa- | 


On P46 BOL? ab SO Omega 26 | 
x -(cm) 

Fig. 3. Comparison of relaxation solution (circled — 

points), using « = 1, with exact solution (full lines) at f 

times 86t and 326f [Sr = (8x)2/(«D)], for problem off ] 

heat insulated bar initially at zero temperature, its end | 

at x = 0 being raised to temperature Up at t = 0 


itso os 


<a} 
| 


tion with « = 1 (D=0-125cm2/s, 6¢ = 8s, dx = 1 cm)./ 
The initial temperature assumed is U = 0, the end of the bar, 
at x = 0, being raised at t = 0 to the temperature U) and. t 
kept thereafter at this temperature. In Fig. 3, the full lines} 
give the exact solution [reference (9), p. 43] for t = 64s and} 
t = 256s; the circles give the values computed by the methiaah 
discussed here. 
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5. THE CHOICE OF THE TIME INTERVAL 


A point calling for further comment is the best choice of 
» time interval dt. The value of d¢ will mostly be a com- 
jpmise, as a small value of dt may entail a great deal of 
itk, whereas a too great value of d¢ may result in an 
desirably great influence of the truncation error in the 
proximation for (0U/dt). An experimental study of this 
kestion for a special case (infinitely long bar heated from 
© end) by a closely corresponding electrical analogue 
‘thod“® has shown that for values of « < 2, the truncation 
yor is greatest, in this type of problem, for the first time 
erval, n= 1. It is initially the greater the smaller « 
b. the greater dr), the greatest error being of the order of 
qoral per cent. The truncation errors were found, in the 
be investigated, to fall monotonically such that their maxi- 


's than 0:6% for n = 30 [see also Fig. 3 of this paper and 
. 1.11 of reference (10)]. Owing to the uncertainty, in 
st practical problems, of the knowledge of the physical 
mstants, K and c, entering into the value of D, it would 
bm that one should, in practice, subdivide the time range T 
:died into, say, five to forty time intervals, depending on 
\ ether one is interested in the final temperature distribution 
hiv, at t = 7, or in the details of the solution at inter- 
=diate times as well. If this should be the case, it is often 
iyisable to carry out the process with graded time intervals, 


ee 


The solution of transient heat flow and heat transfer problems by relaxation 


From 


QU) nn = Unn — Uy vldt — 8t/2)Q2U/d#2) + 081)? 


one can show that a better approximation to the correct 
temperature value is given by 


Unall + Adt(o?U/dt2) + O(6t)?] 


where A is a constant. Neglecting 0(6r)? in the bracketed 
correction term, one can derive from the linearity of the 
correction term in 6¢ this extrapolation formula 


U.@) = 0,0) = (0) U0, (11) 


Here U_(t) is the temperature at the time ¢ corrected from the 
temperature U,(t), which is the temperature computed by 
relaxation with a time interval 6¢,, by adding to U,(t) the 
difference between U,(t) and U,(t); U,(f) is the temperature 
found by relaxation using a time interval df, = 2645. 

The usefulness of this extrapolation method is shown by the 
example given in the table. It is seen that the maximum of 
the truncation errors in U, is reduced by a factor of about 4 
(the improvement factor varies mostly between 3 and 5). 
The improvement is most marked where the truncation errors 
are large. However, where the truncation errors are smaller 
than the numerical errors left in the temperature distribution 
as evaluated by relaxation, extrapolation may in some 
instances increase the error rather than reduce it, as the 
rounding-off errors of the two distributions U; and U, add 


Reduction of truncation errors through extrapolation 


(Temperature distribution in infinitely long thermally insulated bar, initially at zero temperature, 
end raised to Up at ¢ = 0) 


D==0-125 ems ox = em, f = 6's; 6 = (U] Up) oe — (CU anes 


ps, without appreciable loss of accuracy due to excessive 
uncation errors. (Compare Fig. 2.8 of reference (10), 
here a period, equal to 10.000 of the smallest time intervals 
led, was covered in thirty-six steps, the deviation of the 
hlution from the exact solution being always less than 2%, 
ud mostly less than 1 °%.) 


6. IMPROVEMENT OF CONVERGENCE BY 
EXTRAPOLATION 


An alternative way of reducing the influence of the trunca- 


84) = 4s (n= 4) Sho 2 25(n = 8) Extrapolated 
x (cm) (U]Up)exact (U]Uo)retax € (UU) revex € (U]U) relax € 
0 1 1 0 1 0 1 0 
1 0-617 0-583 —0-034 0-599 —0-018 0-615 —0-002 
2 0-317 0-294 —0-023 0-305 —-0-012 0-316 —0-001 
3 0-133 0-134 +0-001 0-136 +0-003 0-138 +0-005 
4 0-046 0-056 +0-010 0-054 +0-008 0-052 +0-006 
5 0-012 0-022 +0-010 0-020 +0-008 0-018 +0-006 
| 6 0-003 0-008 +0-005 0-007 +0-004 0-006 +0-003 
| 7 0-001 0-002 +0-001 0-002 +0-001 0-002 +0-001 
| 8 0 0 0 0-001 +0-001 0-002 +0-002 
| 9 0 0 0 0 0 0 0 
L. taking five steps with an appropriate value of «, then a as can be seen from equation (11). Hence, extrapolation 
more steps with a smaller value of «, etc. In this way, should only be applied where the truncation errors pre- 
very wide time range can be covered with relatively few dominate over the rounding-off errors. 


Formula (11) can also serve the purpose of estimating the 
systematic error of the relaxation solution, by solving once 
with St, and then with 6) = 67/2. The difference between 
these two solutions is approximately equal to the systematic 
error in the solution with df). 

Another way of reducing the initial error for «< 1 is to 
employ for the first few steps Crank and Nicolson’s® finite 
difference approximation to equation (3), put into a form 
suitable for relaxation. The equation for the residual then 


becomes 


bn error in ¢ is the following easily applied extrapolation Bae a Uy oe oP e)Uy ea 

lethod, similar to Richardson’s “deferred approach to the ; He er 2 ; 

init,”@)) which reduces the truncation error of the difference with 

proximation, equation (7), from 0(67) to 0(6r)?. Fe pent Oma, nah 2a) Can 
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being a contribution to the residual which can be evaluated 
at each point P,,, at the time nd before the relaxation process 
proper is started. Comparative tests on the problem illus- 
trated by Fig. 3 have shown that the amount of work required 
for solutions of approximately equal accuracy is slightly less 


for the extrapolation method. 


7. THE GENERALIZATION OF THE METHOD 


The technique described can be easily extended to deal with 
problems governed by the more general heat conduction 
equations (1) and (2). Considering first the application to 
equation (2), when V?U represents the Laplacian operator for 
two-dimensional (x, y)-problems, or three-dimensional prob- 
lems of rotational symmetry, (r, z)-problems, the only change 
is the replacement of the finite difference approximation to 
(02U/dx2) by the well-known difference approximations 
to (02U/dx2 + d2U/dy2) or 02U/dz?_ + C/r)QO/dr)[rOU/dr)]. 
Dividing the (x, y)-plane, or the meridian (r, z)-plane, into a 
net of square meshes with mesh length 4, and numbering mesh 
points in the manner shown in Fig. 4, the residual formulae 


Fig. 4. Relaxation net of mesh length / for two- 
co-ordinate problems : 


at the mesh point Py (with off-axis distance rp in axially 
symmetric problems) replacing equation (10) are then for the 
(x, y) case 


4 
Ron =, Lin, a (4 aie a)Uo » aie aU ,_1 (12) 
m= 


and for the (r, z) case 
Ron= U, 7 +[1-(h/2r9) U2, n+ U3 ,+[14+ G/2r)|U4,, 
— (4 + a)Uo , se Ug Mas 19 #9 


Se + Uys PAU SS (62ea)Uy, 
¥E aU y—1> LO == 0 


(13) 


Ge ey 


a = h?/(D8t) (14) 


The corresponding relaxation patterns are given by Fig. 5 
for the (x, y) case and by Fig. 6(a—c) for the (r, z) case, with 
ro = mh, m=), 1, 2,... being written to give a more 
convenient representation. 


Fe 3] 


Fig. 5. Relaxation pattern used in solving heat con- 
duction equation (2) for two-dimensional problems 


In the extension of the method to the general heat con- 
duction equation (1), governing the flow of heat in systems 
which are composed of several bodies, with different values 


r2 


of thermal conductivity K or thermal capacity cp, consider. 
in an (x, y) problem the same subdivision into square meshes i 


G) ¢%) 
oan ee 
(4) 


m m=l 


() (») 


duction equation (2) for three-dimensional problems of /% 
rotational symmetry: (a) for points on axis; (5) ford { 
points one mesh length distant from axis; (c) for points 

more distant from axis dt 


as before, but assume that the average value of K between} 
mesh points Py and P, is K,, and the average value of cp is 
(cp), etc., as shown schematically in Fig. 7. 


Dees Raat bai bei erin 


Fa Peat 


‘ 


Fig. 7. Relaxation net for two-co-ordinate problems if 
the thermal! conductivity K and the heat capacity (cp) are & 


sada 


functions of the space co-ordinates an 
Writing | 
Kin a K,,|Ko ash 
4 ee 
where Ky = 4dK,, (16) ) 
m= ek) 
4 rT 
and ay = 42>, (17) iy 
m=1 ae 

where Lm = N*(CP)m/Kodt (18) 


the equation for the residual #),, at the point Po takes on if 
this simple form within the previous degree of approximation || 


4 ; , 

Xf aS f 

Ron in. dn Cn ee XQ)U nn ede aU, n—1 
m= : 


The relaxation pattern corresponding to equation (19) is|( 
shown in Fig. 8 (note that A, = 4). | 


mm 9 ; 
A similar formula applies for the residual in (r, z) problems |: 
with unequal thermal conductivities, etc. Me 


Rarer lis in Na 
ahs aD cS ee 25 


RAE a eves LAS 


Fig. 8. Relaxation pattern for solving heat conduction 

equation (1) for two-dimensional problems in which | 

thermal conductivity K and heat capacity (cp) are 
functions of the co-ordinates 


jobs cae Rep weet 2 


iit is of course possible to generalize the technique further, 
ving heat conduction problems with unequal or eraded 
tshes, or with modified boundaries, using the known 
|:thods established for this in the relaxation technique. The 
ly point worth mentioning here is that it is then necessary 
|take account of the fact that the values of o%,, In equation 
6) have to be weighted accordingly. 

he remarks made earlier in connexion with one- 
ensional problems concerning the possibility of dis- 
karding « in the actual relaxation process if a is small, 
4d concerning the best choice of the time interval! 51, or the 
irapolation to reduce the truncation errors of (8U/8t), 
Nply equally well to the more general cases discussed in this 
ction. It should also be noted that the short cuts of the 
jaxation technique, as ‘‘over-relaxation,’ and group and 
ck relaxation, can be applied without modification. 


8. A NUMERICAL EXAMPLE 


“As a numerical example, demonstrating the application of 
= method to a two-dimensional case, the heat flow through 
cdel of the cavity brick wall shown in Fig. 9 was com- 


constant temperature U, 


i=) =a) 


no lass of heat 
Fig. 9. Model of cavity brick wall 


bied. The following assumptions were made to define the 
‘oblem: initial temperature U = 0, the left surface of the 
ill being raised suddenly at the time ¢ = 0 to the tempera- 
re Uy = 1000, and kept thereafter at this temperature, the 
lermal constants of the material being uniform and constant, 
bd the heat losses at the right surface of the wall being 
i gligible. (This problem is artificial in so far as boundary 
lues Uy are prescribed for the left surface instead of heat 
flansfer at a certain rate, and no loss of heat for the right 
irface, but the satisfaction of these more correct conditions 
ould complicate the demonstration of a technique which is 
“ry simple in itself.) Owing to symmetry, only the part 
llown shaded in Fig. 9 need be considered. Fig. 10 shows 
4is part and the relaxation net used. 


Fig. 10. Relaxation net, corresponding to shaded area 
in Fig. 9 


| The solution was worked with graded time intervals, using 
Ve intervals of length 81, = A2/D, then four of 5, = 5h?/D, 
hd three of 51; = 25h/D, i.e. twelve steps were used to 
bver a time range which is equal to 200 of the maximum 


| VoL. 6, APRIL 1955 


The solution of transient heat flow and heat transfer problems by relaxation 


permissible time intervals 6¢ = h?/2D in the older numerical 
techniques, based on equation (4). If the solution had been 
required for a considerably greater time range, a further 
step-up of df would have been used for the final period. The 
values of df used correspond to x = 1,a =0-2anda = 0-04. 
The initial estimates of Un, at each step before applying 
relaxation were made on the basis of the known solution for 
the infinitely long bar (see Fig. 3). 

The isothermals within the cavity brick wall at the times 
56t, 256¢ and 1008¢ are shown in Fig. 11(a-c). It can be 
estimated that the maximum truncation errors in this figure 
are about 2%. The relaxation solution was continued at 


ooo 72 
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Fig. 11. Solution of problem illustrated by Figs. 9 and 
10 for (a) t = 58t,;; (6) t = 258t,; and (c) t = 10064, 
where 6f, = h?/D. Numerals indicate temperatures at 
mesh points (boundary temperature at left surface 
Uy = 1000) 
isothermals at intervals of AU = 100; 


thermals at intervals of AU = S50; 
intervals of AU = 25. 


iso- 
isothermals at 
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each time interval until all residuals were within +2, and the 
sum of all residuals below +20, ensuring also alternation of 
the sign of the sum of all residuals at successive steps. It is 
therefore thought that the errors in U,,,,, due to the numerical 
work are not much greater than +2, i.e. +0°002 Up. 

This accuracy is more than adequate in view of the 
systematic errors, and would be quite unnecessary for most 
practical problems, where the thermal data are often not 
known with any precision, and where less accuracy iS 
sufficient. In that case, an increase in speed can be obtained 
as higher values of the residuals can be tolerated in the 
accepted solution. The main requirement would then be to 
keep the sum of the residuals small, or to alternate the sign 
of the sum of the residuals at successive time intervals, to 
avoid the building up of systematic error. 


9. HEAT TRANSFER PROBLEMS 


Heat transfer problems, in which heat is transferred to, or 
from, a surface by radiation or convection, as illustrated by 
Fig. 12, can easily be brought within the scope of the technique 
described, while retaining its simplicity of application, and 
the stable nature of the solution. 


+1 


Fig. 13. Relaxation 
pattern at surface point 
(B =4 + « + 2hH/K) 


Wy 


sy) 


Fig. 12. Heat flux Q 
entering surface of body 
of thermal conductivity 
K and heat capacity (cp) 


Q— 


— 


The amount Q of heat transferred to a unit surface in unit 
time satisfies the condition [see reference (9), p. 7] 


Q = K(0U/dn) 


where n is the normal to the surface, pointing outward. 

Referring back to Fig. 4, let it be assumed that in a two- 
dimensional problem the surface of the body, of unit height 
dz = 1, extends perpendicularly to the plane of the paper, 
along the line P; — Py — P4, the body extending to the right 
and the heat flux Q crossing from the left. Using again finite 
difference approximations, based on a square mesh of length 
h, 5n = — 6x ~ —h, and equation (20) is replaced by 
QO ~ — K(U; — U,)/2h; hence the “fictitious temperature” 
at the point P, outside the boundary is 


U, = (2hQ/K) + U; 


(20) 


(21) 


Inserting this value into the residual formula (12), one finds 
for the residual at the boundary point Po 


Ron = U2, cf 2U;, ,, Ai Wire = (4 ait a)UD » 
ali aU 1-1 Bin (2Qh/K) (22) 


One sees that the heat transfer term 2Qh/K enters into 
the computation of the residuals, but does not affect the 
relaxation pattern, if Q is not a function of the surface 
temperature Uy ,. In this case, the relaxation patterns at the 
surface point Py and the next interior point P; are the usual 
patterns applying to “free” surfaces (0U/dn = 0), Le. unit 
increment of U3 ,, at P3 increases the residual By ,, at Py by 
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two units, etc. If @ depends on the surface temperature 
Up.» One has to work out the corresponding relaxation 
pattern; however, the change only affects the residuals at Po 
itself, and the rest of the relaxation pattern at Po, as well as 
the whole relaxation pattern at P;, etc., remain unchanged, 
For instance, a condition often met is 4 


= HGa = Ue (23) 


where H is the “heat transfer coefficient” and U4 the ambient). 
temperature of the medium surrounding the body of surface} 
temperature Uy ,. Equation (22) for the residual then becomes ft 


BU, n ar Fon 


(24) » 


| 
| 


is the increment factor to be used in relaxation at the point el 
Po, and “ 


Ron = U2, 2U3 4 Us 


where 


B=4 +0 + 2hH/K (25) 


y 


For a aU n—-1 SE 2hHU 4/K 


& 


(26)| 

| - 

the constant contribution to the residual at Py. (See Fig. 13.) 
a 

10. CONCLUSION Se 

eh, 7 


The method of solving heat flow problems discussed 
this paper is well suited to practical problems, as it can easily » 
be adapted to the various circumstances met in practice. In| 
many practical problems, it may be sufficient to work with ali 
relatively coarse net and to a limited numerical accura yi 
leading to a relatively quick solution. While there is nothing |: 
gained over the older numerical methods if the time interva Is! 
are short [say dt ~ (6x)?/D], the saving of time will nail 
considerable in most cases of practical interest, where t e} 
solution extends over periods which may be several handel 
times longer than the greatest length of time interval li 
Sty = (dx)?/2D allowable in the older methods based on 
equation (4); then full advantage can be taken of the stability) 
of the relaxation solution, and long time intervals can be) 
chosen to compute the solution. a 
The method can also be applied in slightly modified form |r 
to problems in which internal generation or absorption of 
heat is involved (including latent heat problems). Th A 
adaptation has been carried out in the paper describing the?) 
electrical analogue technique, related to the relaxation tech- | 
nique described here,“ and has therefore not been discussed 
in this paper. : a 

The method can obviously be applied to the solution of) 
other problems governed: by parabolic partial differential | 
equations, with the appropriate modifications. 4 | 
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F turbulent flow, fluid is transported from one region to 
jother region where it mixes with and becomes a part of 
fluid of its new environment. If fluid from region A is 
er:sported to region X, where it mixes with the fluid of 
zion X, this transport can be studied quantitatively in terms 
the mass of fluid in region X that came from region A 
lr unit mass of fluid in region XY. In order to determine 
%s ratio for fluids which are otherwise similar, the fluid 
pm region A must transport with it to region XY some tracer 
at remains with the fluid of region A during the transport 
id mixing process. 

4By means of tracers a number of studies of this type have 
ten made, particularly in boundary layer mixing such as 
icurs in jets. Hinze and van der Hegge Zijnin“) studied 
‘rbulent material diffusion for air jets issuing into a station- 
yy stream, by introducing various gaseous tracers into the 
- stream. Forstall and Shapiro®) made a similar study of 
_ air jet with moving secondary streams by using helium as 
Itracer. These methods, as well as the one which is the 
4bject of this paper, require that samples of fluid be with- 
awn from the flow region to be investigated. The concen- 
pon of tracer material in the withdrawn sample is deter- 
fined by suitable analysis and compared with the concen- 
ii tion of tracer material in the unmixed portion of the stream. 
The methods cited above were used to study the mass 
ffusion of gases. The authors sought to find a method 
hich would be rapid and easily applied to studying mass 
fusion in liquids. The method developed compares the 
ctric conductivities of samples taken at points in the 
jixing region with the conductivity of either of the com- 
pnent liquids. Because of the comparison there is no need 
lr accurate control of the concentration of tracer material 
| the unmixed stream. As a test of its usefulness, the 
bctrical conductivity method for studying material diffusion 
las applied to the problem of a submerged water Jet issuing 
Ito a stationary stream. The results of these measurements 
le described in an earlier paper©) where they are compared 
‘th the work of others on diffusion in gases. 
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A method has been developed to study the diffusion of fresh water into salt water using electrical 

conductivity cells in such a manner that it is possible to determine continuously, rapidly, and 

inexpensively what portion of any sample of the mixture came from the salt water, and what 

portion came from the fresh water. The method is one of comparison; an exact determination 

of the salt concentration of the salt water before mixing is not required. The method is 

restricted to the study of incompressible flow problems and subject to the limitations imposed 
by the use of water. 


TRACER DETECTION BY ELECTRICAL 
CONDUCTIVITY 


In Fig. 1 a jet issuing into a stationary stream is shown 
divided into three principal regions. Region A contains 
stationary unmixed fluid containing a grams of salt per litre. 
Region B, which includes the fluid in the nozzle and core of 
the jet, contains no salt. In the free turbulent boundary 
layer, region X, the mixing of fluids from regions A and B 
takes place. Let x equal the salt concentration of fluid at 


secondary fluid A 


am ee 


/ \ DTIMOMYae eke al ees _ 

i Peet laid (jet) Bhai tee eee 

Se 7 pisses 

Fig. 1. Mixing pattern of a circular jet issuing into a 


stationary fluid 


any point in region X and € equal the volume of fluid that 
came from region B per unit volume of fluid at the same 
point in X. Since water is incompressible, € is also the ratio 
of the respective masses when very low salt concentrations 
are used. If the salt dissolved in stream A remains with the 
fluid of stream A during the mixing process, then 


§=1— (G@/a) (1) 


In the experiment to which this conductivity method was 
applied, the turbulent coefficient of diffusivity of water in 
water was found to be about 8 cm?2/s while the molecular 
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diffusivity of sodium chloride in water was 1:3 x 10-5 cm?/s 
at 18°C. This is a ratio of something like one to a million, 
and it is therefore a valid assumption that the tracer salt ions 
travel with the water in which they were originally dissolved. 
The use of salt concentrations of less than 10 g/l. resulted in 
less than 4°% change in density. 

Since specific conductivity k is nearly proportional to the 
concentration of electrolyte, c gram equivalents per litre®), 
the equivalent conductance A is defined by the equation 


i= i\c (2) 
Hence, for the mixing problem 
poe = aa — kN kN (3) 


A depends on both the temperature and the concentration 
of the solution. The temperature function is 


APSA or 2) (4) 


where « is the temperature coefficient. At 18° C, is nearly 
independent of concentration and has a value of 0-024 per °C 
for sodium chloride. Hence, if liquids A and X are both at 
the same temperature, 


NN ra Neabihcs (5) 


and is a function only of concentration, so that equation (3) 
becomes: 


1—€=xla=k,Alkahxo = PRxlka) (6) 


This leads to the comparison method of measuring €. The 
ratio k,/k,, is measured by placing conductivity cells containing 
samples of liquids X¥ and A in two arms of a Wheatstone 
bridge, as shown in Fig. 2. The electrical resistance R of a 


Oscilloscope 1000 


c/s 
cell A 


Fig. 2. Arrangement of cells in Wheatstone bridge 
circuit 


properly designed conductivity cell is described with very 
little error by the equation 
R= Kki/k (7) 


where K is the cell constant. 
cell constant, then 


ky |kq a R,|Ry 


If the two cells have the same 


and 


1 — & = $(R,/R,) (8) 


As shown in Fig. 2, the other two arms of the bridge are a 
fixed resistance R, and a variable resistance R>. Alternating 
current is used to reduce effects of polarization of the cells. 
Resistance R, is adjusted until a null balance is indicated on 
an oscilloscope. If the reactances in the bridge circuit are 
negligible, then 


R,/Ry = R,/R, and 


1 — & = G(R,/R)) (9) 


If the temperature of the two liquids Y and A are the same, 
a calibration curve relating € to R,/R, may be made that is 
independent of temperature and independent of the salt 


a 


concentration of the salted stream. As shown earlier, this 
functional relationship is 


1 — € = xJa =(AgolAy.) (Ril Ro) (10) 
and can be found from values of A given in the International i 
Critical Tables. Values of R,/R> as a function of x/a were |» 


determined in this way for several values of x/a with a ranging it 
from 4 to 10 g of sodium chloride per 1. These values, Fig. 3,7 


i) 


0:8 


0-6 


04 O86 
R, / Ry a 
| 


Fig. 3. Calibration of conductivity cells used in jet — 1 
mixing study for reference solutions of 6, 8 and 10 g/l. 
© =10 g/l = Sgils Aa =6 oft 

1! 


can be represented to a very good approximation by one | 
curve, thus verifying equation (10). For comparison, an | 
a 


= theoretical; 


experimental calibration of two cells was made using test § 
solutions of sodium chloride dissolved in distilled water. }) 
Discrepancies between the experimental values shown in 


: 
Fig. 3 and the theoretical curve are within the probable uf 
range of experimental error in mixing the test solutions. a 
ay | 


CAPACITANCE AND POLARIZATION 


3) | 
7)\ 


When alternating current is used, conductivity theory@ XN 
assumes that the cell behaves like a capacitance in series wit D i 
a resistance. This effect is caused by the alternate storing |) 
and releasing of energy within the cell. The phase angle of e 
the voltage with respect to the current is @ = arc tan (1/Rwe) 
and the impedance is (Fig. 4) ‘it 

|Z| = R[1 + (1/Rwe)?}3 | 

ae 

Hence if one assumes that the cell forms this type of a circuit, | 
the greater we the more closely the cell behaves like a pure |) 


ohmic resistance. Using a properly constructed cell havin; 


Ecoswt | 
St 
a} 
R . a 
7 


Fig. 4, Electrical characteristics of a conductivity cell “| 
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lntinized electrodes, a frequency of 1000 c/s will make we 
ciently large so that the cell will behave like a pure 
histance. Higher frequencies are not necessary, and may 
Lise the cell to behave as though a parallel capacitance 
ice shunted across it. 
he current flowing in a conductivity cell forms gases at 
> electrodes resulting in the phenomenon called polarization. 
hen the cell is polarized the resistance does not depend 
tirely on the specific conductivity of the solution surround- 
x the electrodes. Polarization is greatest with direct current; 
ernating current reduces, but does not entirely eliminate it. 
ith alternating current the effect of polarization is to make 
2 resistance dependent on the current, and to produce a 
#ge out-of-phase component of voltage. With alternating 
arent having a frequency of 1000 c/s, polarization can be 
ade negligible by platinizing the electrodes. This is a 
cess of coating the electrodes with platinum black, thus 
| atly increasing the effective area of their surfaces. 
‘The cells employed in this work were platinized, and their 
ie es arrangement in the bridge caused some can- 
:!ation of the out-of-phase voltage. There was still a small 
nount of voltage, however, that could not be balanced out 
# the variable resistance R. This was balanced by shunting 
#apacitance across one of the resistance arms of the bridge, 
i} or Ry. With these platinized cells no change in the voltage 
Loss the bridge would unbalance the bridge, but the ratio 
/R, did vary slightly with frequency. However, the cells 
ere calibrated and used with a fixed frequency of 1000 c/s. 
sketch of the cells is shown in Fig. 5. They have water- 
ps0f electrical connexions and are immersed in water, one 


4 conductors 
j 
t 


plastic 
tube 


Cl solution 


NaCl solution 


Helectrodes out 


Sectional view of a conductivity cell used with 
continuous sampling 


ioe: 


| the mixing region and one in the stationary fluid. This 
ps the cells at constant temperature and makes it possible 
r them to be placed close to the sampling probes with very 
tle time delay between sampling and measuring the con- 
\ctivity of the sample. It was possible to determine the 
ue of € continuously by the steady syphoning of liquid 
bm regions A and X through their respective cells. 
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USE OF A CONTAMINATED STREAM 


In the experiment in which diffusion was measured by the 
salt tracer method, a sufficient quantity of distilled water was 
not easily available for the unsalted stream and so tap water 
was used. The contaminating minerals in the tap water 
caused the jet water, fluid B, to have a conductivity that was 
between 2 to 5% of the conductivity of the stationary salt 
water, fluid A. Hence, the method of determining € was 
modified. 

The assumption is made that in the process of mixing, the 
contaminating minerals produce the same effect as that 
produced by water containing a concentration of sodium 
chloride such that its conductivity is equal to the conductivity 
of the tap water. Let stream B have a salt concentration b 
instead of 0. Conservation of salt gives the expression 


(a= Aa eh See (1 “VG ==) (11) 


In the case of the jet diffusion experiment, this did not 
necessitate taking samples from stream A and B for each 
measurement to determine the value of a/b. A measurement 
of bo/ay was taken at the beginning of the experiment; the 
concentration of stream B was held constant by storing 
sufficient water in a tank, and fluid A, the salted water, 
which was also in a tank, was being continually diluted with 
fluid B. Because of the very rapid mixing of fluid B with 
fluid A, the value of b/a could be computed from the value 
of bo/ag at any later time, provided b was constant and equal 
to bo. 

To obtain € for the jet diffusion experiment using a con- 
taminated fluid B, a factor with which to multiply the value 
of [1 — (x/a)] as obtained from Fig. 3 is needed. This 
multiplying factor is derived as follows: 


let g = volume rate of flow of jet water, V = total volume 
of fluid in the tank, and M = total mass of salt 
or its equivalent, in the tank. 


Assuming complete and instantaneous mixing of the jet with 
the water in the tank, conservation of salt leads to the equation 


qb — qa = dM/dt (12) 
since M = Va 
dM/dt = V(da/dt) = V(d/dt)(a — b) if b is constant. 
Hence 
. (d/dt)(a — b) = — (q/V\(a — b) (13) 
with a = ay at t = 0 and b = by at all times. 
The solution is 
bla = bo/ [bp + (ay — bo) exp (—at/V)] (14) 
Equation (14) is combined with equation (12) to give 
(bo/ao) exp (qt/V) | 
S(t 1 15 
é=(1 x(a] Fae (15) 


During the experiments the time did not have to be recorded 
with great accuracy because the term 


(bo/a9) exp (4t/V) 
1 — (Bo/ao) 


was never greater than 0-07. 


CONCLUSION 


While this method of studying turbulent material diffusion 
is limited to those situations where the use of water is feasible, 
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it might be useful in studying problems other than the jet 
problem. Moreover, it may not be necessary to withdraw 
samples as was done for the work described in this paper. 
Instead of withdrawing samples into a conductivity cell, the 
electrodes might be immersed directly in the flow region as 
described by Charow.™) 

Another possible use of the conductivity method would be 
to study temperature diffusion. In this approach, all fluids 
would have the same salt concentration but different tempera- 
tures. Because the conductivity of a salt solution is very 
sensitive to temperature, small temperature differences could 
be measured. 
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Low-frequency dynamic response of photosensitive neon 
discharge tubes 


By T. J. Ditton, M.Sc., F.Inst.P., Queen Elizabeth College, University of London 
[Paper received 16 December, 1954] 


The instantaneous response to illumination of photosensitive discharge tubes in relaxation 
oscillation circuits has been investigated, using light sources of periodically varying light output 
to irradiate the tubes. A brief theoretical outline is given of the effect of periodic variations on 
sawtooth oscillations and this is applied to the oscillations of neon discharge tubes illuminated 
by sources giving a light output of rectified sinusoidal waveform. Photographs are given of 
oscillation traces of tubes illuminated by light from mercury vapour lamps and by intermittent 
It is shown that, under certain conditions, a complete delineation of the light 
output waveform is obtained. This method can be used for the determination of the light 
variation frequency or for studying the waveform of the light output from a source. 


light pulses. 


It has been shown that if photosensitive neon discharge tubes 
in relaxation oscillation circuits are subjected to irradiation, 
the consequent decrease in striking potential causes an increase 
in the frequency of the oscillation which can be used for 
illumination measurements.“ :2) When the light output of 
the irradiating source is periodic in character, as in the case 
of discharge lamps, or is intermittent, the striking potential 
for the charge-discharge cycles may vary with the instan- 
taneous value of the illuminations on the tube, and thus 
irregularities are introduced into the time and amplitude of 
the cycles. With telephones in the circuit the effect can be 
discerned by the change from the fundamental pure note into 
a complex chord due to the presence of these irregularities. 
When the charge-discharge cycles of the condenser in the 
neon tube circuit are examined on a cathode-ray oscillograph 
a steady sawtooth waveform trace is seen in which the periods 
and amplitudes are unequal, giving the appearance of over- 
synchronization, as described by Builder and Roberts.©) 
The inequalities in amplitude give a modulated effect to the 
envelope of the sawtooth waves, the depth of modulation 
pattern depending on the illumination. 


THEORY 


Consider the simple case of a linear charge-time sawtooth 
waveform, with negligible fly-back time, supplied from a 
relaxation oscillator. Let a periodic variation, of a rectified 
sinusoidal form, be applied to the striking potential of the 
sawtooth waves. Fig. 1 shows a sawtooth waveform repre- 
sented by broken lines with Vg and V, the normal striking 
and extinction potentials respectively. The variations which 


138 


REFERENCES a 


(1) Hinze, J. O., and VAN DER HEGGE ZUNIN, B. G. Heat) 
and Mass Transfer in the Turbulent Mixing Zone of an 
Axially Symmetrical Jet (London: Seventh Inter-|) 
national Congress for Applied Mechanics, 1948). |i 

(2) ForsTALL, W., JR and SHapiro, A. H. J. Appl. Mech yy 
Trans Amer. Soc. Mech. Engrs, 72, pp. 399-408 (1950). tf 

(3) Jones, G., and BOLLINGER, G. M. J. Amer. Chem. Soe.,\\ 
53, p. 411 (1931). » | 

(4) Cuarow, W. J. Pulse Integrator for Measuring Intensity a 
of Turbulence by Salt Diffusion Method (Washington?) 
Alden Hydraulic Laboratory, Worcester Polytechni¢;}i 
Technical Information Division, Report No. U222 5, |6 
Library of Congress, 1952). | 

(5) ForsTALL, W., and GAyLorp, E. W. Momentum ang) 
Mass Transfer in a Submerged Water Jet. 
Mech., to be published. 


ride tia tila Nike hae eee ate ‘ax. z PRA Oe Fim ics ess 
ne mere : ee RA APRA a ets 


occur are negative, indicated by a decrease in striking potential, 
and these are represented diagrammatically by the dotte 
curve marked v, below the V line, any instantaneous decrease|> 
being given by the perpendicular distance between the Val 
line and the curve. a 


i 


Yb 

Ve 
+ 
ao 
s 
$ 

i“ y'xi 

Time —> : 
Fig. 1. The effect of periodic variations of striking } 


potential on linear sawtooth waveforms 

Consider the effect of the v, curve on any sawtooth wave} 
starting in phase with this curve. As the charge line rises} 
it normally reaches the point X when the condenser discharges 
as indicated by XX’. If, however, the charge line cuts the} 
uv, curve at Y, which is the reduced value of the striking) 
potential, the condenser discharges along YY’ when the) 
charge line rises again at the same rate. In general, if 
n = free-running frequency of oscillations in c/s; n’ = fre 
quency of sinusoidal variations in c/s; and n, = final oscil} 
lation frequency in c/s the oscillation waveform envelope is} 


a5 
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}dulated with a repetition pattern depending on the 
io n,/n’. 

jn the example given in Fig. 1, the second charge line from 
cuts the v, curve when the amplitude is zero and the final 
ective sawtooth frequency is twice that of the voltage 
fiation frequency, or n, = 2n’ and the pattern repeats after 
te I/n’s. 

Applying these general considerations to the case of the 
axation oscillations of a photosensitive discharge tube, 
ume, for simplicity of treatment, a linear rate of charge 
the condenser and suppose that the light output from a 
Icharge lamp provides an external means of altering the 
Wiking potential in a sinusoidal manner. The light output 
im a discharge tube is closely related to the power input, 
\|t, as the light output lags behind the power and as there 
jalso a thermal lag, light is being emitted even when the 
sut power is zero. This must be taken into account when 
nsidering the illumination produced on a surface by such 
tamp, as the effect is that of an equivalent steady source 
ded to the fluctuations in the light output which produce 
stroboscopic flicker of twice the frequency of the supply 
jtage. 

pn the diagram on the left of Fig. 2 a rectified sinusoidal 
ive (a) is given to indicate fluctuations in light output. The 


hstuations . 


Vo ae ge (v) 


V 
O-Ol 
Time (s) 2 


0-02 


(exe)| 0-02 


Time (s) 
(a) Sinusoidal fluctuations of frequency n’ of 
light output. (b-e) Diagrams and traces of tube oscil- 


lations for frequency ratio n,/n’ of 1, 1:5, 2 and 3 
respectively 


tooth diagram (b) shows Vz as representing the normal 
‘iking potential for the unilluminated tube and Vp the 
tiking potential under an illumination produced by the 
luivalent steady source. As in Fig. 1, the dotted curve ,, 
hich is now shown below the Vz line, indicates the fluctuating 
creases in striking potential caused by the fluctuations in 
mination. The shape of the v, curve corresponds to that 
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shown in (a). The free-running sawtooth oscillations with 
amplitude (Vz — V4) are shown by the fine lines in (6). The 
charge line starting from 0 cuts the v, curve on the Vp line, 
where the fluctuating potential decrease is zero, so no 
irregularities are introduced and ny, =n. In Fig. 2(ce) the 
free-running oscillations have been omitted for clarity and 
the broken lines indicate the oscillations that would take 
place under illumination from an equivalent steady source 
which would reduce Vz to Vp, with consequent decrease of 
frequency from n to npg. The heavy lines show the final 
frequencies m, synchronized to multiples of n’ and to odd 
multiples of n’/2. It is seen that in (b), (d) and (e) the period 
of the repetition pattern is 1/n’, and in (c) the period is 2/n’. 


EXPERIMENTAL METHODS AND RESULTS 


Steady oscillograph traces of the charge-discharge cycles 
were obtained using neon indicator tubes (types L7A and 
L10 by Siemens Electric Lamps and Supplies Ltd.) and the 
frequency determined either by including telephones in the 
circuit and tuning to an oscillator or by using the oscillograph 
calibrations. 

A discharge lamp, having an oscillatory light output, was 
then used to irradiate the tube and the frequency of oscil- 
lations was tuned to the frequency of fluctuations of the 
source, or to one bearing a simple ratio to it. When the 
distance between the discharge lamp and the tube was fixed, 
this was done by altering the time constant. Alternatively, 
the tube could be moved nearer the source and the required 
change of frequency produced by the consequent increase of 
illumination. On the right side of Fig. 2 are given photo- 
graphs of steady traces produced using a photosensitive tube 
placed at a distance of 7in. from a 250 W high-pressure 
mercury vapour lamp (type ME by the General Electric Co. 
Ltd.). This source was chosen on account of the high degree 
of brightness and of the marked stroboscopic effect. Each 
photograph has been placed, for comparison, by the side of 
the diagram of a sawtooth wave having the same frequency 
as that of the tube. The similarity in variations of frequency 
and amplitude of the charge-discharge cycles confirms the 
simple theory and shows how the repetition pattern occurs 
according to the ratio n,/n’. 

In order to make sure that the modulation effect was not 
the result of mains pick-up, similar experiments were carried 
out using a cold cathode tetrode (type N.S.D.1 by Ferranti 
Ltd.) as a light source. With suitable triggering, short light 
pulses of any frequency up to 400 c/s were obtained which 
were quite independent of the mains supply voltage frequency. 
In Fig. 3 the upper trace shows the light pulses from the 
tetrode and the lower trace the synchronized oscillations of 
the tube. The voltage decreases in the wave traces correspond- 
ing to each light pulse can be seen. 

A more accurate indication of the variations in light out- 


m Voltage 


(VY) 


Fig. 3. (a) Short light pulses of frequency 290 c/s. 
(b) Oscillation frequency of tube 3 « 290 c/s 
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put is obtained when the tube is oscillating at higher fre- 
quencies. Traces given in Fig. 4 were taken as the illumination 
was gradually increased by moving the tube nearer to the 


nb Illumination | Voltage 
(c/s) | (f.c.) (V) 
80 — 
(a) 1000 1500 | 
| 
70 — 
80 — 
| 
(b) 2500 3500 
| 70 —™ 
70 — 
(c) = 5000 
60 — 
| 70 — 
(d) a 10000 
Ie -aheoiee 
0 0-01 0-02 
Time (s) 


Fig. 4. Oscillograph traces at higher frequencies 


mercury vapour lamp. The traces are amplified and show 
only the upper edge of the modulation envelope. In (a) and 
(b) the frequency ratio can be distinguished, in (c) the oscil- 
lations are intermittent, while in (d) only the light output 
wave trace is seen. A basic curve connecting illumination 
from a steady source and the striking potential of the tube 
is given in Fig. 5 to indicate the order of illumination 
necessary to produce the striking potential changes shown 
in Fig. 4; for example, in Fig. 4(b) a total decrease of 20 V 
requires an illumination of 5000 f.c. 

The light output from sodium vapour discharge lamps, 
fluorescent daylight lamps, and ultra-violet lamps has also 
been examined by these methods. The mains flicker fluctua- 
tions can be detected, but the illumination received from 
these lamps on a tube placed quite close to them, is so much 
less than from a mercury vapour lamp that the shape of the 
light output waveform is not seen so clearly. 


CONCLUSION 


The response of photosensitive neon discharge tubes to 
low-frequency light fluctuations has been studied experi- 


140 


mentally and the results conform to the outlined theor 
Much work has been done in the past on the flickering ol} 
light sources by Bouma™) and others, and it has been sho vn) 
in this paper that these neon tubes will, under certain COM) 
ditions of operation, behave as gas-filled photoelectric cells} 
of comparable time lag in their response to fluctuations, )) 
This property renders them suitable for finding the frequency 4 
of oscillation of a source, for detecting a flicker or strobo-} 
scopic effect or for use in the examination of light outpul 


f 


20V 


er 2000 4000 6000 6000 10000 
Illumination (f.c.) . ; 
Fig. 5. Variation of. striking potential with steady — 
illumination 
waveforms. The acoustical method for finding the frequesia 4 


is simple as, in addition to the normal circuit componeal 


examining the light pales = can be compared with that|) 
described by Huxford and Engstrom®) using photosensitive) 
gas triodes. 

The tubes vary considerably in sensitivity to light and in| 
exhibition of fatigue, Fe some tubes have been in use ay i 


of a few seconds is necessary before oscillations start again. 
This temporary fatigue effect is being investigated and} 


for technical assistance with the photographic traces. 
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|. rubber-membrane model for axially-symmetric electric 
| fields 
| 


Ss well known:?) that small balls rolling over a rubber 
mbrane stretched equally in two perpendicular directions 
low paths approximately similar to those of electrons in a 
-dimensional electric field (variation in a plane only), if 
| depression of the membrane at the ‘“‘electrodes”’ is small 
| proportional to the potential, provided the charge of the 
ittron beam is small. 

practical applications, however, three-dimensional fields 
jing axial symmetry are probably more frequently en- 
jntered, but so far no method of using the membrane 
‘del for such systems has been proposed. 

ecently it was shown®) that the effect of the charge of the 
tron beam can be taken into account by applying a 
sure by means of pads to the under surface of the mem- 
me, the pressure being proportional to the charge density. 
}s method can-only be used in two-dimensional systems, 
| it is interesting to note that, using a similar kind of 
Imique, a method of applying the rubber-membrane model 
axially-symmetric field systems, with or without space 
trge, is possible. 

pulppose we wish to investigate the potentials in an electrode 
fem in a plane which contains the axis of symmetry. 
1 illustrates an element, of area dr x 6z, of the corre- 


i ig. 1. Forces acting on an element of the membrane 


mding rubber model; this element is a distance r from the 
is. The z-axis corresponds to the axis of symmetry of 
| electrode system to be studied, and points on the surface 
the membrane correspond to points on the section of the 
lttrode system. It is now shown that the height of the 
mbrane can be made to correspond to the potential of the 
trode system. 

Ve assume that there is an applied pressure p in the 
bitive h direction given by 


p =T.(/r).(Qh/or) (1) 


lere T is the surface tension of the membrane and A is its 
(It is also assumed that T is constant 


small.) The result of resolving vertically upwards the 
iface tension forces acting at P, Q, Rand S and the applied 
ce pordz (represented by the arrow at A, Fig. 1) is 
L[OH[r)p — Ohl2r)g] + TSr[Oh/z)5 — @h/2z)o] 

' + T. 1/r(Oh/dr) 46r6z =—=()'-x(2) 
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Correspondence 


andifor-oy and 872+ 0, since 
QOh/dr)p — Oh/Or)p = Sr.(02h/dr2) 
we obtain 
(0?h/Or2) + (07h/0z2) + (1/r)QOh/dr) = 0 (3) 


If we now consider fA to be proportional to a potential V 
(or —V as is the case for ball-rolling experiments), this 
potential will obey Laplace’s equation. Thus, if we apply 
at every point of the membrane a force proportional to 
(/r)(Oh/dr), Laplace’s equation for an axially-symmetric 
system will be satisfied. 

If space-charge forces are to be considered it would be 
necessary to assume that the applied pressure p is given by 


p =T.(1/r)(Oh/or) + «Tp (4) 


in which p is the charge density of the beam and « a factor 
of proportionality. The factor « is defined by equation (6) 
of reference (3) and is negative for our purposes; therefore 
the pressure to represent the space charge is upwards all over 
the membrane. 

Since 0h/dr can be positive or negative, the pressure p could 
be up or down. Even for simple arrangements of electrodes 
the membrane may have to be pushed in some regions and 
pulled in others. In order to push and pull the membrane 
and to leave the top of it free for the rolling balls, it might 
be convenient to reduce the air pressure on the under side of 
the membrane to produce a known uniform downward 
pressure, and oppose this, as required, by pads underneath. 

To carry the method into effect 0h/0r must be measured at 
a number of points. This could be done optically, or by 
using some form of profile indicator, such as the one shown 
in Fig. 2 consisting of light rods of equal length resting on 


support for 


rods -=—light rods 


membrane 


Fig. 2. A profile indicator 

the membrane. Finding the slope of the membrane amounts 
to measuring the slope of the curve formed by the tops of 
the rods by means of a protractor, suitably placed. To 
measure the pressure produced by the rubber pads, and 
hence p, a method similar to that described in reference 
(3) could probably be employed. The indeterminacy of 
(1/r).(0h/dr) on the axis can be avoided by arranging the 
pads symmetrically on either side of the axis. An iterative 
procedure would, of course, be necessary for setting up the 
system. 
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New books 


The theory of cohesion. By M. A. Jaswon, M.A., Ph.D. 
(London: Pergamon Press, Ltd., 1954.) Pp. viii + 245. 
Price 37s. 6d. 

This is the second volume in the Pergamon science series on 
metal physics and physical metallurgy. It is concerned with 
cohesion, rather than with the general field of metal theory 
(though there is a full and useful account of the modern 
theories of ferromagnetism). The author tries to show how 
wave-mechanical ideas, originally or chiefly developed for 
atoms and molecules, play their part in an understanding of 
cohesion in solids. This is an interesting approach, not 
sufficiently stressed in the usual accounts, and it throws light 
on several otherwise puzzling features in the electronic 
description of a metal. 

The book is almost wholly wave-mechanical, though it 
presupposes no previous knowledge of this subject. It is 
easy to read, and should be welcomed for the freshness of 
its approach. It is, unfortunately, not without a crop of 
minor errors, both in printing and in substance. 

C. A. COULSON 


Radioisotope conference 1954 (sponsored by the Atomic 
Energy Research Establishment, Harwell), Volume I, 
Medical and physiological applications. Edited by 
J. E. JouHnston, R. A. Fartres and R. J. MIUILLETT. 
(London: Butterworths Scientific Publications, 1954.) 
Pp. xi + 418. Price 65s. 


The conference held at Oxford in July 1954, on the appli- 
cations of radioisotopes, provided impressive evidence of 
the widespread use of these materials and of their great value 
as scientific tools. From a proffered total of about four 
times that number, forty-six papers on the medical and 
physiological applications were read and are now printed in 
this volume, together with a report of the discussion each 
paper provoked. The papers are divided into five main 
sections, namely, therapy, diagnosis, plant nutrition, animal 
physiology and pathology, and biochemistry; even within 
these groups the range of subjects is wide indeed. 

Such a diversity of subjects, though impressive, is also a 
weakness of the book and will possibly limit its appeal. 
It may quite fairly be stated that the only aspect of the 
papers which is common to them all is the radioactivity of 
one of the materials used in the work reported, and it is 
to be doubted whether this thread is strong enough to hold 
the whole together for any single reader. Few of the papers 
have more than a short paragraph on the isotope technique, 
the bulk of each being devoted to the results obtained. In 
short, radioactive isotopes have taken their place alongside 
the microscope, the spectro-photometer and the like as 
important research tools, and we are passing into the phase 
where their use, like the use of any other equipment, calls 
for no special comment. 

This does not, of course, reflect upon the standard of 
excellence of the papers, which is high, or their interest and 
value, which are considerable. As to which are the most 
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interesting, each reader will have his own opinions. This |) 
reviewer would place the work of Ledlie and Baxter on the ; 
applications of tracer doses of *?Fe in clinical investigation |; 
first on his list. High up, too, would be the paper by Veal } 
and others on measurements of cardiac output, and the |), 
double tracer method used by Rowlands and his colleagues | 
in blood volume measurements. Mention should also be 
made of the paper by Almond and others on the fate of i 
intravenously injected antigenic proteins in immune and i 
normal rabbits. On the technical side, the application of 1 
gamma-ray spectrometry to tumour localization by Allen |) 
and co-workers has great interest and possibilities, whilst } 
Bowden and others have studied the surgically important 
problem of metallic transfer in screwing and bolting most!) 
elegantly. : el 

The standard of the production of this book is high, the) 
printing, illustrations and diagrams and the general’ clarity |i 
of layout are excellent. Only errors of a minor kind have 
been detected. W. J. MEREDITH © 


Mass spectrometry (Methuen’s monographs on chemical 
subjects). By A. J. B. RoBerTSON, M.A.,. Ph.D. 
(London: Methuen and Co., Ltd.; New York: John © 
Wiley and Sons Inc., 1954.) Pp. 135. Price 8s. 6d. | 


With the rather severe limitations imposed in respect of size} 
for monographs in this series, an author may perhaps be} 
excused if he decides that it is not possible to produce a} 
compact and balanced view of the whole field of work on his! 
particular subject. Dr. Robertson has chosen to devote a 
substantial proportion of the space available to an exposition | 
of work in which he is specially interested, namely, theoretical } 
studies of the nature of excitation, ionization and dissociation | 
processes in molecular gases on electron impact. Vibrationalg 
energy changes, as governed by the Franck—Condon principle, 
are considered in some detail with the aid of a number of.) 
potential energy diagrams. Discussions of experimental |p 
procedures and techniques of operation in different fields of 
application are hence very compressed. It is a pity that i 
space has not been found to present an overall view of all 
modern analytical instrument, since the main value of this), 
instrument is as a stable and sensitive comparator for} 
analytical work. | 
However, the book should prove to be a useful addition } 
to the steadily growing list of publications on this subject. 
G. P. BARNARD + 


Hi) 


Magnetic cooling. By C. G. B. Garretr (Cambridge, 
Mass: Harvard University Press; New York: John) 
Wiley and Sons, Inc.; London: Chapman and Hall,'§ 
Ltd., 1954.) Pp.x + 110. Price 36s. a 


This book tells how the low-temperature physicist uses/ 
paramagnetic salts to reach temperatures lower than 1°) 
absolute. After a brief description of the experimental’ 


procedures, details are given of the establishment of the’ 


absolute temperature scale and of the properties of the para-} 
magnetic salts used for magnetic cooling. These chapters) 
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tm a valuable review, with adequate references, of the 
jork done up to the end of 1952. 

| Dr. Garrett has himself made significant contributions to 
he study of paramagnetic salts at very low temperatures 
jd, perhaps as a consequence, his book tends to suggest 
hat the chief importance of this new temperature region lies 
1 the opportunities it offers for investigating the salts used 
1 the cooling process. This is far from the case, and the 
ist chapter is too brief to deal adequately with the wide 
ange of experiments, including, for example, measurements 
|f thermal and electrical conductivities and of specific heats, 
‘hich are now being performed below 1° absolute. 
However, within its limits, the monograph may be warmly 
secommended either to the general reader or to one of the 
leadily increasing number of specialists working in this field. 
|. is well produced, but at 36s. is the most expensive 110 pages 
nat this reviewer has yet come across. J. WILKS 


\) 


n advance treatise on physical chemistry. Vol. 5. Molecular 
spectra and structure dielectrics and dipole moments. 
By Professor J. R. PARTINGTON, M.B.E., D.Sc. (London: 
New York: Toronto: Longmans, Green and Co., Ltd., 
1954.) Pp. x + 565. Price 80s. 


He latest volume of Partington’s comprehensive and syste- 
hatic treatise on physical chemistry is devoted to (a) molecular 
pectra and structure (286 pp.); (b) dielectrics and dipole 
soments (254 pp.); and (c) hyperelectrics (9 pp.). The first 
fection is exhaustive and up to date. Special attention is 
even to valence and to the present-day theories of chemical 
tructure. The inclusion of some photographs of actual 
©ectra would add, however, to the presentation. The di- 
vectric section covers the older methods as well as the modern 
‘es. Subsections dealing with dipole moment and chemical 
mnstitution (comprising such topics as induction, resonance, 
‘ond moments, electronegativity, etc.) are also included. 
fae text is now complete with the publication of the fifth 
‘lume. At an approximate cost of £18 for the five volumes 
_is probably too dear for most individual workers in the 
eld, but it is an excellent reference book and has few rivals 
a any language. The treatise is the work of one author and 
as involved an enormous amount of concentration and 
itholarship. The outstanding characteristics may be 
uummarized as follows: 

| (1) It is a treatise on a wide field of chemistry with full 
leferences and complete bibliography. 

| (2) The volumes are well illustrated with diagrams, graphs 
ind figures of apparatus. 

| (3) The theoretical treatment is extensive and expounded 
1 a lucid manner, yet only an elementary knowledge of 
athematics is assumed. 

| (4) Most theoretical discussions are linked with practical 
ormulae of use to the technologist. JOSEPH REILLY 


) 


| 


‘applied geophysics in the search for minerals. 4th Ed. By 
| Professor A. S. Eve and Professor D. A. Keys, M.A., 
D.Sc., F.R.S.C. (London: Cambridge University Press, 
1954.) Pp. x + 382. Price 40s. 


(he teaching of geophysics to postgraduate students who 
htend to enter the profession is greatly hampered by the 
lack of modern textbooks dealing with the fundamental 
‘brinciples and their common applications. In the reviewer's 
‘pinion some of the large American books confuse new 
litudents and are out of date. The instruction of under- 
traduate geologists and petroleum technologists has to be 
4erformed solely by lectures because of their lack of mathe- 
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New books 


matical training and they are in need of a readable account 
of modern techniques. 

The revision of the 1938 edition of this textbook is welcome 
in so far as it will assist the geology student, but it is not 
sufficiently detailed to form more than an introduction for 
the geophysicist. The different subjects treated in the last 
chapter of the previous edition have been consigned to their 
proper places in the text and additional information has been 
supplied concerning estimates of the depth of the overburden 
(four pages), airborne magnetic surveys (four pages), air- 
borne electrical surveys (two pages), gravimeters (nine pages) 
and seismic reflexion techniques for dipping strata (six pages). 
The chapter on radioactive methods has been expanded to 
give a general account of airborne scintillometer surveys, 
radioactive assaying and borehole exploration. A new 
chapter on well-logging methods has been added and some 
useful problems have been appended to the main chapters 
for the first time, but the answers have not been provided! 

A. F. Moore 


The physics of experimental method. By H. J. J. BRADDICK, 
Ph.D. (London: Chapman and Hall Ltd., 1954), 
pasos eRricer3s os: 


This is without question an exceptionally good book which, 
one feels, will be a standard work for many years to come. 

The title provides the key to character: far from being a 
handbook of laboratory practice, it is a book which at all 
times emphasizes the physical principles underlying the 
choice of particular experimental methods and the design of 
apparatus. It is written clearly and concisely; and, indeed, 
the crispness and condensation sometimes achieved without 
detriment to the style, for example, in the opening of the 
chapter on vacuum technique, is a model of its kind. 

The scope of the content is wide, including errors and the 
treatment of experimental results (with an appendix on 
numerical calculus); mechanical design; materials of con- 
struction; vacuum technique; electrical instruments; elec- 
tronics; optics and photography; the natural limits of 
measurement (noise and fluctuation phenomena); and some 
techniques in nuclear physics, but the material has been 
selected with great care and forethought. The standard is 
high and is aimed at advanced students, but most research 
workers making physical measurements, whether in physics 
or other fields, will also profit from the author’s knowledge 
and experience. A little confusion may perhaps arise among 
students from the use, on page 285, of the term resolving 
power where resolving limit is really meant. There is a 
comprehensive bibliography of selected references which is 
up to date. 

The author has approached his subject and achieved his 
purpose in a manner which any experimenter possessing a 
healthy respect for fundamental simplicity and elegance 
cannot fail to admire. H. D. Keira 


Heat and cold, Part II. Descriptive catalogue of exhibits in the 
Science Museum. (London: H.M. Stationery Office, 
1954°). Pp..64. = Price: 3s; 


This handbook contains detailed descriptions of part of the 
collection iUlustrating heat and thermal instruments in the 
Science Museum in London. The sections concerned are: 
thermal expansion; calorimetry; change of state and critical 
state; the nature of heat; heat transfer; refrigeration; very 
low temperatures; miscellaneous. There is also a list of nine 
portraits in the museum of some of the distinguished workers 
who have contributed to our knowledge of the science of heat. 
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Elections to The Institute of Physics 


The following elections have been made by the Board of 
The Institute of Physics: 

Fellows: W. H. Dowland, J. V. Dunworth, J. R. Greening, 
F. Hirst, A. G. Peace, J. Walker. 

Associates: A. W. Badcock, P. S. Baker, J. A. W. Huggill, 
D. S. Barmby, J. V. Bromiley, I. D. Brotherton, J. C. 
Cockram, A. R. Crathorn, M. F. Culpin, D. S. Dodd, 
I. Flinn, R. A. Granville, A. C. Ham, A. R. James, D. B. G. 
James, B. R. Malcolm, R. W. Pickard, W. P. F. Raffan, 
D. A. E. Roberts, P. M. Rolph, R. P. Rose, K. W. Scott, 
M. J. Sheehy, A. Turner, E. R. Wooding, N. R. Wynn. 

Thirty-seven Graduates, fifty-eight Students and five 
Subscribers were also elected. 


Conference on the production and utilization of electro- 
magnetically enriched isotopes 


A conference on the production and utilization of electro- 
magnetically enriched isotopes will be held at the Atomic 
Energy Research Establishment, Harwell, from 13 to 16 
September inclusive. Sessions on the following subjects will 
be included: design and operation of large mass separators; 
ion source and collector problems especially with high beam 
current; separation of radioactive materials; chemical aspects 
of production work; preparation of isotopic targets; develop- 
ments in mass analysis of stable isotopes; utilization of 
electromagnetically enriched isotopes. 

Although much of the available time will be occupied with 
problems of the electromagnetic separator itself, contributions 
will also be welcomed on applications of stable isotopes, 
especially those of an unusual type. The emphasis here 
should be on the principles involved and not on the details 
of the great variety of techniques which users may employ. 
On the other hand the great volume of work on the appli- 
cation of the isotopes of the lighter elements, particularly of 
hydrogen, carbon, nitrogen and oxygen which are more 
economically enriched by other methods, is specifically 
excluded. 

The conference should provide an opportunity for bringing 
together people concerned with the production and use of 
stable isotopes and should stimulate further applications. 
Those wishing to attend should write immediately to Dr. 
M. L. Smith, Atomic Energy Research Establishment, 
Harwell, Didcot, Berks., indicating also, whether they will 
make a written contribution. Abstracts of papers must be 
submitted before 30 April, and complete manuscripts before 
30 June, 1955, so that preprints of the papers can be made 
available before the conference. Fuller details of the 
arrangements will be sent to those who respond to this 
preliminary notice. 


Award of the Duddell Medal 


The 31st (1954) Duddell Medal has been awarded by The 
Physical Society to Professor A. C. B. Lovell who has, since 


comments 


1945, built up an important centre of radio astronomy. The |" 
Jodrell Bank Experimental Station is perhaps best known for | 
its contributions to the study of meteors by radar methods, 
In this field a number of entirely new methods of observations |) 
have been developed and their application has produced |, 
evidence which has, in the last few years, contributed much } 
to meteor astronomy. The detailed survey of meteor- -radiants i 
carried out at Jodrell Bank led to the identification of intense i 
day-time showers. The development of radio methods for 
determining the velocities of meteors has led to the study of 
the velocities of the sporadic (non-shower) meteors, which 
has shown that a negligible fraction of the incident meteors | 
originates outside the solar system. Important contributions ‘ 
have also. been made to the study of the physics of meteor | 
ionization, and to the investigation of ‘‘winds” in the upper f 
atmosphere by observations of persistent meteor trails. ¥ 

In addition to these investigations of meteors, Professor ) 
Lovell has been responsible for an important series of | 
observations on the “‘scintillation’’ of radio galactic nebulae. | 
Recently a new type of interferometer has been developed at [ 
Jodrell Bank, and this has been used to measure the angula i 
diameters of two of the intense radio stars. 


Erratum 


In the paper A method of identifying double-flash exposures 
by N. Dombrowski, published on page 17 of the January iS 
issue of this Journal, the legend for Fig. 2(c) should read: |: 
(c) Wratten 15G filter (light emitted by lamp B). = 
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Papers 
An electronic phase-shift tube for microwave frequencies. By D. H. Pringle. 
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1. INTRODUCTION 


: is known that plane stress problems can be described 
y Airy’s stress function x = x(x, y), which satisfies the 
# harmonic equation: 


| Viy 0 (1) 


®t certain boundary conditions derived from the forces 
iing on the stressed body, the symbol V* representing the 
Ph ye 
| 
ox dy? | sa) 

Once the biharmonic equation (1) is solved for a given 
Mane stress problem, the stress distribution is completely 
jetermined, and can be readily evaluated. An equation 
milar to equation (1), 
| Viw =f (2) 


4 
perator ( sx4 f 


anction y, and the function f = f(x, y) being determined by 
e loading of the plate and its fiexural rigidity. 

As rigorous solutions of equations (1) or (2) are known 
1h a few cases only, in general numerical methods of solving 
e biharmonic equation, e.g. the relaxation method,~» 
lave to beemployed. The computational work usually proves 
aborious, as the convergence of the known mathematical 
schniques is slow, because the difference equations, which 
eplace the fourth-order partial differential equations (1) or 
2), are “‘ill-conditioned.”’ 

| Some time ago, the author showed briefly“:>) how the 
liharmonic equations (1) and (2) can be solved by a 
‘cascaded”’ resistance-network analogue, and in this paper 
‘ fuller account of the new method will be given. (The idea 
if solving the biharmonic equation by a resistance-network 
iInalogue had occurred independently also to Redshaw®) 
nd to Boscher.{7)) 


12. THE BOUNDARY CONDITIONS OF THE STRESS 
| FUNCTION 


| Ina practical stress problem, the shape of the body, its 
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hiastic constants and the forces acting on it usually are the 
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The solution of plane stress problems by an electrical 
analogue method 


RBy G. LIEBMANN, D.Phil., F.Inst.P., Research Laboratory, Associated Electrical Industries, Ltd., Aldermaston, Berks 
[Paper first received 17 November, 1954, and in final form 2 February, 1955] 


It is shown that the biharmonic equation V4yv = 0, which Airy’s stress function has to satisfy, 
can be solved by an electrical analogue comprising two resistance networks in cascade. 
from the requirement of high accuracy of the solution for y, as the stresses are to be obtained 
by numerical differentiation of the measured analogue data, difficulties arise through the 
unfavourable nature of the boundary conditions which have to be satisfied in many practical 
problems. These difficulties have been overcome by an experimental iteration method. Details 
are given of the technique of solving the biharmonic equation in this way for prescribed shape 
of the stressed body and prescribed forces acting on it. 


Apart 


The solution is of the same type as 


i that found by numerical methods, e.g. by relaxation, but it is obtained with much greater speed 
and facility. An accuracy in the evaluation of the stresses of 1 to 2% can be obtained; agree- 

| ment with photoelastic measurements is very good. Examples are given of several problems 

: which have been solved by the new method. The “‘cascaded network’? technique can also be 

j applied to the solution of other problems in elasticity, described by equations of the type 

Viw =f (x, y), e.g. the bending and extension of flat plates. 

By 


given data. In the following, the elastic constants will be 
assumed the same throughout the body, and it will be further 
assumed that the problem is one of “‘plane stress,” or so-called 
“generalized plane stress,” expressed in the Cartesian co- 
ordinates x and y. The stress tensor then has three com- 
ponents only, o,, o, and 7,,,, which can be derived from the 
Airy stress function y satisfying the biharmonic equation (1) 
by the following relations: 


Gy, = 0°X/ dy? 1 
0, = d2X/9x? (3) 
Tae cee O2X/dxoy J 


xy 


The principal stresses p, and p2 are then given by: 


P2= H(o, + 6) £ 4/[(o, = Coa. 472,]* (4) 
and their directions by 
Aan 20 27 |G, eas) (5) 


@ being the angle with the x-axis. 

The sum of the stress components (a, + o,) or of the 
principal stresses (p; + py) forms the Laplacian of the stress 
function y, which will be denoted by kD = k(x, y): 


oO, + Oy = Py + Po = (07X/0x7) + (0*X/dy7) = kD (6) 


The boundary conditions which the stress function X has 
to satisfy are derived from the fact that, in equilibrium, the 
stresses at the boundary surface of the investigated body 
must be equal to the forces acting on it. Let, in Fig. 1, B 
be the boundary of the cross-section of the body in the 


SA= 8s &z 


Fig. 1. Section through stressed body 


G. Liebmann 


x, y plane, the arrows indicating the forces. Over the area 
5A = 8s5z, where 5s is the line element of the boundary, 
and 5z the height of the body (assumed henceforth to be 
unity), the force F per unit area may be acting. If the com- 
ponent of F normal to the boundary B at the surface element 
5A is F,, and the tangential component is F,, equations (3) 
give these conditions for X = X,(s) along the ‘boundary B: 


as 
i 


? F,, ds 
0 


I 


[dx p(s)]/ds 
S (7) 
[dx_(s)]/dn = — p F, ds 
0 


The integrations are taken from a suitable point on the 
boundary B, e.g. the point O(s = 0), in an anti-clockwise 
direction to the point with the line co-ordinate s, measured 
along the boundary from point O. 

From equations (7), 0X,/ds and dX,/dn can be evaluated, 
and then Xz itself from dX,/ds, using the fact that X, must 
be continuous. Hence, the biharmonic equation, equation (1), 
has to be solved mostly with prescribed simultaneous boundary 
conditions for Xz and dX,/dn. It is this circumstance which 
leads, together with the “‘ill-conditioning” referred to in the 
Introduction, to the practical difficulties in obtaining the 
solution. 


3. THE PRINCIPLE OF THE NETWORK ANALOGUE 
METHOD 


It is customary, in the numerical methods of solving the 
partial differential equations V4X = f or V7@ = g, to divide 
the cross-sectional area enclosed by the boundary B in Fig. 1 
by equidistant lines parallel to the x- and y-axes into meshes, 
of mesh size 6x = dy = h, as shown in Fig. 2. The partial 


Fig. 2. Square mesh used in finite difference 
approximation 


differential equations are then approximated by finite difference 
expressions, involving the functional values at the point Py 
and its four neighbouring points P,,...P,4, at distance h, 
in the case of the Laplace or Poisson equation’ and the values 
at Po and its twelve nearest surrounding mesh points, in the 
case of the biharmonic equation. 

It is known®) that the difference equation: 


D, + O, + ®, + ©, — 4@y = hg (8) 


which replaces the equation V2@ = g, is solved with high 
accuracy by an electrical resistance-network analogue; the 
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voltages appearing at the network nodes correspond to the 
sought function ®, and the known function, E20 at the} | 
point Po, is connected with the current Jy fed in at the net-|/ 
work node Pp through the relation: | 
Iy = — WeolR | 

a 
R being the value of the resistances used in the network. | 
The truncation error of the network analogue solution of 
the differential equation V0 = = g is the same as that of the} 
usual numerical solution, as both methods are based on the 
same finite difference approximation. || 
Now consider two geometrically similar ‘and Rin the 


td ae a HS are 
z 


Fig. 3. 


Basic arrangement of cascaded networks 


Po and Po etc., in the two networks are connected by ‘ ‘series ut 
resistances” of value r, rs R and rs R’; let the current § 
flowing into the node Py in network N (the ‘ “upper” network) 
from an external source be Jo, and the current flowing from 
Po to the corresponding node P, in network N’ (the “lower” & 
network) be Jj. It will be assumed, for the present, that |! 
boundary volte: are given for the function X, which satisfies | it 
the equation V4X = f, and for the function o, which satisfies | 
the equation V2 = g. Let the boundary values for ® be \ 
applied to the upper network, and those for X to the lower N 
network. j 

The voltages appearing in the upper network then represea <) 
the solution ® of the difference equation approximating the |} 
differential equation V2 = g, and the voltages in the lower | 
network represent the solution X of the equation V2X = g’.4 
The current Jp flowing into. the node Po of the upper network 
is determined by equation (9), whereas the current flowing} 
into the corresponding node Py of the lower network is | 
similarly given by: 


I, = — h’go/R’ (10) | 

However, the value of this current is: m , 
I, = Oo — Xo)/r 1 

where the suffix 0 indicates that the voltages ® and X are# 
measured at the nodes Po and Pj. As the relative value r§ 
of the “series resistance”’ is assumed so high that Dp s& Xp, fi 
one can write with sufficient approximation ‘ 
I, = Or (11) 

[The errors arising from the finite values of (r/R) and (r/R’)f 
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vill be discussed in Section 6. They can be made small 
ough in practice to be negligible.] Inserting this value 
to equation (10), one finds: 


og’ = V2X = — DR’ |rh? (12)- 
But the voltage distribution © satisfies the equation V*O = g; 
hence operating with V7 on equation (12): 

R , 
VV) = — Ay (V0) = — 220 


rh2 rhe 


Eliminating go through equation (9), there results, as J) is 
megligibly small in comparison with the currents in the upper 


(V4X)o = RR’ Ioirh* (13) 


Hence, the “cascaded” resistance-network arrangement 
hown schematically in Fig. 3 solves the difference approxi- 
mation to the fourth order partial differential equation 
/4X =f, if the currents J fed into the nodes of the upper 
setwork have the values: 


Eri RR (14) 


In the network solution of the biharmonic equation (1), 

overning the stress distribution in a plane problem, the 
ight-hand side of equation (13) is identically zero, i.e. no 
surrents are fed into the upper network. 
It was assumed in the foregoing discussion that boundary 
Wwalues were given for both functions X and ® = (1/k)V7X. 
ff this were the case, the following simple steps would be 
@eeded in solving a plane stress problem by the analogue 
aethod: (i) two models of the stressed body would be set 
4:5 on the two networks; (ii) the specified boundary conditions 
Lyould be applied by impressing the required voltages, in 
oth networks, at the network nodes lying along the boundary 
}B (Figs. 1 and 2); (iii) the voltages at the nodes of the lower 
setwork would be measured, giving a record of the x-values. 
The stress components (¢,)o, (ay)o and (7,,)o at the mesh 
lpoint Py would then be evaluated from the usual difference 
formulae, the suffixes referring to the network points numbered 
tas shown in Fig. 2: 


(a3)o = OOS Xa 2X o)/h? 
(oo SX ye Xs 2X o)/h? (15) 
(T)o ~ (X5 ra X6 SF X7 ray X3)/4h? J 


_ The measurement of the M-values would not be of interest 
in itself, but it serves a good purpose by giving an independent 
icheck on the numerical evaluation of the stress components 
and principal stresses from the recorded y-values. The 
iscaling constant k, which correlates the (V2X)-values computed 
from the X-values measured in the lower network and those 
measured directly in the upper network, is found by comparing 
equations (6) and (12): 


k = — R'/rh2 (16) 


As mentioned in Section 2, the boundary conditions met 
jin a practical problem usually prescribe boundary values Xz 
for the X-function, and its boundary gradients (0X/dn)zg, at 
jleast over part of the boundary. Thus, whereas one boundary 
jcondition is required for each of the two networks, two 
iboundary conditions are given for the lower network, and 
none for the upper network. This difficulty can be over- 
|come by applying only one boundary condition to the lower 
network, and varying the boundary voltages in the upper 
jnetwork until the second boundary condition in the lower 
i network is also satisfied. Hence, an iterative approximation 
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method, in which an adjustment to the upper network 
boundary voltage is made, its effect in the lower network 
measured, a further adjustment made, etc., is necessary. 
Unfortunately, the convergence of this method is very slow, 
owing to the “ill-conditioning,’’ mentioned in the Introduc- 
tion with reference to the numerical methods of solving the 
biharmonic equation. A method for observing simultaneously 
the effect, at all boundary points in the lower network, of 
small changes made in the boundary potentials of the upper 
network, has therefore been devised. In this way, it has 
been found possible to achieve quite rapid convergence of the 
analogue solution in spite of “‘ill-conditioning.”. The tech- 
nique of this method will be described in Section 4. 

In practice, it is often more convenient, or more accurate, 
to choose (0X/dn), as the boundary condition to be set up 
initially, and X, as the second boundary condition which 
has to be approximated (see Appendix). 


4. THE EXPERIMENTAL APPROXIMATION METHOD 


It had been shown by the author®) some years ago that 
equations of the type V7@ = g(x, y, ) can be solved by an 
iteration process applied to a resistance-network model, in 
which the currents fed into the network nodes are cyclically 
adjusted. It is possible to arrange the network model and 
the current feeding system in such a way that the relations 
governing the voltages at the network nodes (£,) and at 
suitable corresponding points in the current feeding system 
(E>) can be put in the form: 


The error signal € is a measure of the deviation of the actual 
condition in the network from the final state, representing 
the completed analogue solution of the problem. In a 
recent paper, Liebmann and Bailey“! described an apparatus 
which, when connected to a resistance-network analogue and 
its current feeding system, extracts automatically the error 
signal « and displays it simultaneously, according to value 
and sign, for a great number of network points. It is then 
very easy to adjust the currents fed into the network to make 
¢ > 0 everywhere. In particular, if the problem is “‘“ill- 
conditioned,” it is possible to make a series of small and 
properly planned adjustments which make an approximate 
initial solution converge quite rapidly towards the final 
solution, as all error signals (“residuals’’) are in view, so 
that the sudden appearance of errors elsewhere can be avoided. 

In the analogue solution of the biharmonic equation (1), 
the adjustments are not made directly to the currents flowing 
into the y-network but to the boundary values of the O-net- 
work, but the method of directly observing the error voltages 
« can be easily adapted to this. Fig. 4 shows a diagram of the 
arrangement used. The boundary value X; in the X-network, 
as it exists in the network at the particular stage reached in 
the solution, represents the potential E, in equation (17), 
whereas the prescribed values of Xp are set up on an inde- 
pendent potentiometer strip. (This has often only the zero 
point in common with the network, the voltage at the other 
end of the potentiometer strip then being adjusted to equal 
that of the corresponding point in the X-network.) The 
voltages E, and E, are passed through the “differencing unit” 
of the display apparatus, and the resulting error signal ¢ is 
amplified to a suitable level and displayed on a long- 
persistence cathode-ray tube screen. A fast running rotating 
multipole switch brings the various error voltages successively 
into view, but the long persistence of the tube screen retains 
them there until the next sweep of the switch. 


G. Liebmann 


Owing to the condition r/R s 1, already mentioned, a 
potential division between the O-network and the X-network 
exists which reduces the signal level in the X-network to a 
relatively low value. As the solution of the X-function has 
to be correct to about 3 parts in 10000 to allow the numerical 
differentiation required in the evaluation of the stress com- 
ponents without the introduction of undesirably great errors, 


X-network 


differencing amplifier display 


potentiometer untt apparatus 


Fig. 4. Principle of boundary voltage comparison 


it is necessary to detect quite small error signals ¢, of the 
order of 2 x 10~®© of the maximum voltage applied to the 
®-network. 

The display apparatus of Liebmann and Bailey, used in 
the work reported here, was built for a different type of 
problem, and it falls short of the present, more stringent 
requirement by a factor of about twenty, because a very 
small error signal becomes submerged in spurious voltages 
(hum, etc.). (An improved display apparatus is now under 
construction.) Fortunately, it was found that it was possible 
to make the final advance to an error of only 0:05 % or less 
in the boundary values of the X-function by a point-by-point 
adjustment along the boundary of the ®-function, using a 
galvanometer to measure the error signal « for each X- 
boundary point, once the boundary values of the X-function 
had all been brought within +1% or better of their prescribed 
values with the help of the display apparatus. However, 
even when starting from an approximation as good as this, 
care and circumspection were needed in making the required 
small, local adjustments to avoid the introduction of appre- 
ciable errors elsewhere, leading to rapid divergence of the 
solution. 

It might be mentioned here that another iterative method 
of establishing the required boundary values of the X-function 
has failed so far. In this, a first trial solution Dp is set up 
on the ®-network [with the appropriate boundary condition 
for (0X/dn)g imposed on the X-network], and the ensuing 
X-distribution is measured. From this, a new set ®, of 
boundary values for the ©-function is computed, wiiene can 
then be applied to the O-network, producing a new X-distri- 
bution, etc. However, it was found that the rate of con- 
vergence was too slow in view of the errors introduced 
through the required numerical differentiation of the experi- 
mentally established trial values of the X-function. Starting 
from trial values which made the boundary values X correct 
to within +1°%, as mentioned above, it was not possible to 
improve on this, and the solution became rapidly worse in 
the two cases tried, 


5. PRACTICAL REALIZATION OF THE ANALOGUE 


The experimental “cascaded” network used by the author 
consists of a vertical board 4 ft square, carrying the @-net- 
work on its front and the X-network on its back. The net- 
work nodes are 4B.A. screw studs projecting through the 
board (4 in. thick hardboard), with soldering lugs on either 
side, the screw studs being set in two square arrays of 2 in. 
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- and the corresponding boundary points in the X- and ®-net- § 


pitch, the two arrays being ‘‘nested” within each other as i 
shown in Fig. 5. In this figure, the circles indicate the screw |@ 
studs, the solid circles being the nodes of the ®-network 1, 
and the open circles the nodes of the X-network. The full 
lines represent the R-resistances of the O-network, the dashed : 
lines the R’-resistances of the X-network, and the dotted lines jj 
the interconnecting r-resistances. The r-resistances are | 
arranged at the back of the board, to leave its front free for i 
the measurement of the ®- and X-distributions, and for the | 
setting-up of the boundary conditions. | 

In the earlier part of the investigation, 50 c/s a.c. excitation | 
of the networks was used, the value of the R and R’ resis- ik 
tances being 5 Q, and that of the r-resistances several thousand A 
ohms. This method of working, although convenient in J 
AL 


Sits 


a 
dat 


Fig. 5. “‘Nested’’ arrangement of ®- and X-networks 


several respects, was later abandoned because the phase ‘Bi 
differences in the various parts of the y-network were un- |) 
desirably great, making a recording of the results to the # 
required accuracy rather difficult. Nevertheless, useful results ill 
were obtained in this way. 

In the later work, a value R = R’ = 100 Q was nee thes 
value of the r-resistances being varied between 25 and 
200 kQ, the network being mostly supplied by a d.c. voltage — 
derived from a 12 V car battery, tapped such that positive } 
and negative feeding voltages were available. A number of 
30 Q potentiometers, each in series with a 3 Q rheostat for 
fine control, were connected across the appropriate terminals — 
of the battery, the voltages at the potentiometer tapping 
points being the feeding voltages for the D-network. : 

A schematic circuit diagram of the final arrangement used — 
is shown in Fig. 6. The battery is denoted by Ba, the 30Q. . 
feeding potentiometers by P,, etc., and the 3 Q rheostats by 
Rh,, etc. The O- and y-voltages are measured by a precision {f 
potentiometer bridge Br (connected by the probe Pr through [| 
the galvanometer G to the various network studs). The 
three-position switch S, allows connexion of the “‘1’’-terminal § 
of the bridge to the positive or negative end of the battery, | 
to measure positive or negative D-values, or connexion to the | 
positive battery terminal through the series resistances L, & 
and Ly (“level setters’) to measure the X-distribution. The | 
potentiometer strip, on which the prescribed boundary / 
potentials are set up, is represented by the resistance chain | 
R,, R,...R,, connected in parallel with the bridge Br. — 
The sanged multipole switches MS,, MS), MS; connect 
successively to the tapping points on the potentiometer strip, [ 


mn 
} 
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works. The voltages at the terminals of switches MS, and | 
MS, are fed through a double pre-amplifier 4,, each pre- | 
amplifier comprising a single battery-operated stage of gain |} 
x10, to the “differencing unit” D (a differential amplifier). { 
The resulting voltage ¢, being proportional to AX pg, the error 
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he boundary values in the X-network, is further amplified 
the unit A, and displayed on the long-persistence screen 
ode-ray tube CRT,; the bright dot on the screen, the 
ical position of which represents the final error signal, 
moved along by a horizontal deflexion voltage supplied 
ipugh a fourth multipole switch ganged to MS,... MS, 
it shown in Fig. 6), such that the positions on the cathode- 
tube screen and along the network boundary are directly 
ited. 

"he boundary potentials ®, are amplified by the amplifier 
and displayed on a second long-persistence screen cathode- 
| tube CRT>. The simultaneous display of the ® ,-distri- 
Mion is useful as it helps to obtain the required X,, values to 
degree of accuracy desired, whilst keeping the ® 'p distri- 
ion smooth. It also shows up quickly errors in the type 
Wboundary conditions imposed. The link C, shown in 
. 6, is sometimes used to fix the relative value of the 


Ax, display. Q,display 


|. 6. Schematic diagram of complete cascaded network 
analogue and its measuring circuits 


iximum voltage X,, in the X-network to X,, = 1 (in terms 
he bridge setting); this may help to accelerate the process 
establishing the correct X, values, as the effect of changes 
ithe ® p-potentials made during the process of solution, 
ich lead to a change in absolute signal level in the X- 
work, is greatly reduced in this way. 

rhe resistances r’ are used to provide the required boundary 
dients (0X/dn) + 0, being connected between the boundary 
ds of the X-network and the positive or negative battery 
inal, as may be required (see Appendix). 

n solutions of problems described by equation (2), the 
rents J, required to represent the function f(x, y) as given 
jequation (14), are adjusted to their prescribed values in 
| way previously discussed by the author,“) or they may 
established by connecting the appropriate stud on the 
etwork to a voltage source of potential V > ® through a 
istance r” of such a value that J = (V — ®)/r”’ ~ Vir". 
suitable lengths of insulated resistance wire, wrapped 
ind cardboard formers, were used for the R and R’ resis- 
ices and for the potentiometer chain R, .. . R,, (resistance 
brances +0-2°%), whereas, for the r and r’ (or r”’) resistances 
th stability carbon resistors of 4 to 1% tolerance were 
inloyed. 
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In setting up a model on the cascaded network analogue, 
two identical models are always set up, one on the lower 
network and one on the upper network. For example, if 
curved boundaries are represented, the same network modi- 
fication is made in both networks. Details of the method of 
modifying a network to represent irregular or curved boundaries 
have been given before;“!,'2) these apply directly to the 
analogue discussed in this paper. The frequently occurring 
boundary condition dX/dn = 0 is realized by cutting off both 
networks (see Appendix). If the boundary runs through a 
line of mesh nodes, the value of the resistances lying along 
the boundary have then to be doubled as has the value of 
the series resistance r. ' 


6. FACTORS INFLUENCING THE ACCURACY OF THE 
METHOD 


The accuracy of the resistance-network method for solving: 
plane stress problems is affected by a number of factors, some: 
of them of a technical nature and some of a more fundamental 
kind. 

(a) Truncation errors. The difference approximations to 
the partial differential equations (1) and (2), which are solved 
by the cascaded network method, are of 0(A*), and at interior 
points the lowest order of the neglected terms is O(A®), as in 
the relaxation method. At boundary points where a derivative 
is prescribed, or at boundary points where the network has 
been modified to represent a curved boundary, the lowest 
order of the neglected terms is 0(/>) in the network method, 
as shown in the Appendix. While there is, therefore, neces- 
sarily a small loss of accuracy at the boundary in many 
cases, the position in this respect is not worse, and often 
better than is met in the numerical methods for solving 
partial differential equations by finite difference methods 
[unless higher order correction terms are introduced, as 
proposed by Fox !3:14)]. In fact, the correct and identical 
termination of both networks would be equivalent to the 
use in the relaxation method of two “‘fictitious’’ mesh points 
outside the boundary for each boundary point (see Appendix). 

In problems involving curved boundaries, it is necessary 
to make the mesh size so small that h < 4p,,,,, where p,,in 
is the minimum radius of curvature of the boundary, to 
obtain a sufficiently faithful representation of the shape of the 
boundary. 

A reduction in truncation errors can be obtained in the 
manner discussed by the author®) in connexion with the 
resistance-network solution of the Laplace and Poisson 
equations, either by extrapolation or by feeding correcting 
currents into the network nodes, the correcting currents 
representing the next higher order terms of the finite difference 
approximation. The required values of the correcting currents 
could be determined with sufficient accuracy from the first 
approximate solution in which no correcting currents are 
used. 2 

(b) Resistance tolerance errors. It has been shown before®) 
that the errors in the measured network voltages due to the 
tolerances of the resistance values are relatively small. The 
formula for the expected error, given in the earlier paper, 
can be simply interpreted by saying that the error in the 
voltage distribution will be of the same order as the average’ 
resistance tolerance divided by the number of mesh intervals 
across the model. Assuming that the average number M 
of mesh intervals in the linear dimensions of the model used 
will be 10, say, and that the errors due to the resistance 
tolerances should be below the prescribed accuracy of 0:03 % 
in the X-distribution, a resistance tolerance in the networks: 
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of 0:2% should be aimed at. The achievement of this 
tolerance in the R and R’ values does not present any 
practical difficulties. The part played by the tolerances of 
the series resistances r is different. One sees from equation (12) 
that a tolerance error 5r/r leads to a corresponding error 
— 8(V2Xx)/V2X in V2X = (p;, + po); ¢-g., a value of dr/r = 0-01 
leads to a local error of 1°% in the evaluated stresses. It 
is therefore necessary, when aiming at an accuracy of 
1 to 2% in the values of the stresses to be computed from the 
y-distribution, that the tolerance errors of the r-resistances 
are below 1%, and preferably not more than 4%, and 
similarly for the r’-resistances for the representation of 
boundary gradients. 

(c) Errors due to the finite (r/R)-ratio. By following the 
argument of Section 3, without the simplifying assumption 
@ > Xo, one finds, instead of equation (14), relation (18), 
which holds exactly, within the limitations discussed under 
paragraphs (a) and (b): 


= rh*f/RR’ +(R+ R’)I'/R (18) 
As the second term on the right-hand side of relation (18) 
represents a small correction term, it is permissible to replace 
I’ = (® — X)/r by I’ ~ D/r, and equation (18) can therefore 
also be written: 


I= rh4f[RR’ + (R + R’‘)®D/Rr (19) 


Relations (18) or (19) show that the error due to the finite 
(r/R)-ratio can be completely eliminated by feeding in 
correcting currents 


1, = (R + R')®/Rr (20) 
at the nodes of the M-network. In practice, one would first 
obtain an approximate solution under the condition /, = 0, 
and determine the required values of J, from this approximate 
solution, repeating the process if necessary. 

If correcting currents /, are used, it may prove relatively 
little additional work to combine these correcting currents 
with those representing the higher order terms of the finite 
difference approximation discussed under paragraph (a). 

Very often, one does not wish to go to the trouble of feeding 
in compensating currents, particularly in the case of the 
biharmonic equation V4X = 0, where then no currents are fed 
in at all into the upper network (except at boundary points). 
But it is not sufficient to rely on the fact that r > R and 
r > R’, because all r-resistances are, in effect, in parallel. 
It is therefore desirable to have an estimate of the errors 
which result from the finite values of (r/R) and (r/R’). 

A useful way of assessing this error is to consider directly 
the error dp of the total stress (p; + pz) at the point Po, 
referred to the maximum value p,,, of (p,; + p2), as a function 
of the ratio (X,,,/®,,,) of the voltage levels in the two networks, 
Xm and ®,, being the maximum voltages in the two networks. 

The ratio (X,,/®,,), which is easily measured in practice, 
has the value: 


(21) 


where the numerical constant A measures the integrated 
effect of the (0/®,,) distribution. The value of A depends 
on the type of problem to be solved, but mostly does not 
vary over a very wide range. In simple cases, the constant A 
can be calculated, e.g. for a uniformly-stressed long rect- 
angular bar of width b= Mh, A = 4, the largest possible 
value for this constant. In other cases studied experi- 
mentally, A was found to be not far from 4, 


(XmnlPin) = (R'/NM?2A 
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interest to estimate the permissible measurement error ii} 


In view of equations (8)-(11), the local error 5@po, due 
the finite (r/R)-ratio, is proportional to —RIp{h?, representir | 
4 measure of the “residual” in the upper network, and hen¢j 
also proportional to —(R’/r)\(Po/h?). As (8p/P_) = 5D,/D,)y 
(Sp,P,)o is proportional to —(R’|r(Do/D)/A2.  Replacir}s 
(R’/r)/h2 by (X,,,/®,,,) from equation (21), the required estima {i 
for the systematic error becomes: of} 


(SP/Pmo Taare Bo(Xm/lPyn) : Qi 


The numerical factor Bo in equation (22) depends on th 
type of problem studied and on the relative position of tt I 
mesh point Po, and not on the scale of the model, except fore 
the minor influence of the truncation errors. While th/9 
experience gathered so far shows that Bo lines within a 
range 0-1 to 1-0, in several cases investigated systematicaly 
(mostly of the uniformly stressed parallel bar type), pare Wil, 
found to be between 0:2 and 0-3, depending on the acturp 
nature of the conditions applied to the @-network. Henc#) 
for the systematic error (dp/p,,)o to be smaller than 0°5/ 
say, at every mesh point Po, requires that (X,,/®,,) shoul} 
not be greater than about 0:02. i 
(d) Measurement errors and computational rounding-o}y 
errors. The resistance networks for the solution of Laplaciy 
and Poisson type problems are mostly used under conditiory 
where the measurement errors can be made so small (order ( 


10-5 of the impressed network voltage) that they can tM 
disregarded. In the present analogue method, conditions al 
much less favourable for two reasons: (i) the relatively lo! 
signal level in the X-network owing to the value of the (XnlDnt 
ratio required if no correcting currents are fed into th|: 
@®-network, and (ii) the fact that the functional values of } 
are not of interest, but only its second derivatives obtaine i 
by numerical differentiation. These two influences can Ef 
assessed together if the relative measurement error € = dxX/X) ; 
is considered as if it were a numerical “‘rounding-off error.” }) 

When calculating, e.g. o, from the X-distribution b) 
formulae (15), the error da in o,, will be: an 


d0 = YEX,,[h? (24 


where y is a statistical weighting factor. For instance, y =A 
if equal measuring errors € in Xo, X2 and X4, and the wor} 
possible combination of these errors are assumed. Th 
relative error da/p,,, where p,, is the maximum stress valup 
as used in paragraph (c), will then be: at 


S0/Pm = (VE/h?)(X nl Pn) if 


Replacing p,, in the factor (Xn! Pin) through ®,, by equap 
tions (6) and (16), and substituting (X,,,/®,,,) from equation (21) 
gives: al 

d0/P, = yM?Ae , 


Assuming that, on the average, the product of the factor * 
and of the constant 4 is about unity, the final estimate fo}: 
the permissible relative measuring error « becomes: 1 


€ = OX/X,, ~ (Sa/p,,)/M2 (24) 


Allowing an average error of do/p,, of 1%, and assumifi 3 
a model of linear dimensions (in mesh units) M ~ 7, th) 
permissible average measuring error would be « ~ 10~2/50 =0 
2 x 10-4; ie. great accuracy in the determination of th) 
x-function is required to obtain a satisfactory accuracy ii 
the finally evaluated stress components. It is also of somif 
terms of the maximum. applied network voltage ®,,. This ij 
dx/O,, = €X,,/®,,). With « ~ 2 x 10-4 and (Xml On) < 
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10-2, the permissible error 5X would be 5X < 4 x 
1°@,. In practice, ©, lies in the range of 5 to 10 V, 
ice the voltage discrimination required in the y-measure- 
nt is about 20 pV. 

P) The combination of the various errors.’ It is evident 
In the above discussion that there are fairly closely defined 
lima for the scale M = b/h of the model investigated by 
Tesistance-network method, and for the ratio (r/R). The 
cation errors require a large value of M, whereas the 
asurement errors € require a small value of M, the depen- 
ice being quadratic in both cases. Similarly the reduction 
systematic errors (in the absence of compensating currents) 
i\s for a low (X,,/®,,) ratio, ie. for a high (r/R) value, 
rreas the measurement errors, on an absolute scale, 
ire a high value of (X,,/®,,), ie. a low (r/R) value, to 
2 a voltage of sufficiently high level for discrimination. 

‘he examples given in Section 7 show, nevertheless, that 
racies of | to 2% in the evaluation of the stresses can be 


The best compromise values for the model 
a found by the author are: M ~ 5 to 20, r/R ~ 500 to 
70, and (X,,/®,,,) ~ 0:01 to 0:02. By the use of correcting 
#rents as discussed earlier on, a different set of optimum 
ues would be obtained and, in particular, it would be 
sible to work with relatively high (X,,/®,,) values, and 
InSe use larger scale models, but the required iterative 
hhnique would of course be more cumbersome. 

i 


7. EXPERIMENTAL TESTS OF ACCURACY 


®. check on how far the deductions of Section 6 can be 
#d to evaluate the best conditions for studying a practical 
ess problem by the resistance-network analogue method 
carried out, partly by the experimental investigation of 
“ial cases where the stress distribution is known exactly 
FE an infinitely long parallel bar under tension), and partly 
‘studying a few problems where the results could be com- 
Hed with photoelastic measurements. Two such problems 
1 be given as examples in Section 9. Only a few tests 
ng the problem of the uniformly stressed parallel bar 
, = 1) of width 6 = 8A will be mentioned here. Table 1 


a 
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absent owing to the trivial nature of the problem (uniform 
stress) and, as the systematic errors due to the finite (r/R)- 
ratio have been kept down to a negligibly small level by 
choosing a relatively small (X,,/®,,)-ratio, the errors are 
statistically distributed, being caused by the combination of 
the errors discussed in Section 6 under paragraphs (b) and (d). 
The probable error in om is here about 9-8%. An important 
feature, which already emerges in this small sample, is that 
the larger errors of one sign are usually surrounded by 
relatively large errors of opposite sign. It is therefore possible 
to improve the accuracy of the final result by “‘smoothing” 
(see also Section 8). 

The largest error in the (X/X,,) distribution recorded in 
this sample is 4 x 10-4, and formula (24) would predict a 
maximum error doa/p,,= 2:6%. This happens to agree 
quite closely with the observed maximum error (2:4%), but 
the agreement is fortuitous; the maximum error in o, in 
Table 1 occurs where (6X/X,,,) = 2 x 10~* only, but where 
the distribution of adjacent errors 6X is more unfavourable 
than on the average. Nevertheless, formula (24) is a useful 
guide to the accuracy that can be expected in the presence 
of the unavoidable measuring errors. 

The superposition of the statistically distributed measuring 
errors, and the systematic error due to the finite (r/R)-ratio, 
is demonstrated by the measurements shown in Fig. 7, in 
which the maximum observed relative error (SP) imqx/Pm iS 
shown (circled points) as a function of the (XnnlD in) ratio. 
The models used were of relatively small size (b = 4h), to 
ensure that the experimentally found optimum would come 
to-lie at a low enough (X,,/®,,) value for ‘ascertaining the 
relationship between the systematic error and the (X,,/,,)- 
ratio, in spite of the superposition of the measuring errors. 
The observed minimum value of the maximum total error 
occurring anywhere within the model is 0:75 %, which agrees 
well with the data shown in Table 1, when making allowance 
for the scale factor M*. The graph shows three curves. 
The two dashed lines represent the predictions based on 
equation (22) for the systematic error and equation (24) for 
the error due to the measuring error, assuming that the 
upper network voltage ©,, has a constant value. The super- 
position of these two curves produces the full-line curve of 


Table 1. Comparison of experimental and exact values for uniformly stressed infinite bar (Gy cajc, = 1+900) 


Oy exp.|Sy cale. Soy exp. (%) 


Experimental Experimental Experimental 


Experimental Experimental Experimental Experimental Experimental Experimental 


(i) (iii) 


tes some typical analogue measurements of the values of 
» stress function X in comparison with the theoretical solu- 
10. XX» = 2(x/b) — (x/b)?, the resultant stress component ©, 
ld the errors in o,. The experimental values (i), (ii), (iii) 
ler to three different models investigated at different times. 
ie (X,,/®,,,) ratios used lay in the range 0-008 to 0-016. 

his small sample shows already the characteristic features 
Wand in larger scale tests. That is, as truncation errors are 
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ih) Calculated (i) (ii) (iii) (i) (ii) (iii) 0) 

0 0-0000 0:0001 0-0000 = — — — — — 
0: 2344 0:2345 0-2346 0: 2344 0,995 1-002 0:998 =r5 O22 —022 
0°4375 0:4379 0-4379 0-4376 1-008 1-005 0-998 0°8 0-5 — Oe? 
0-6094 0-6098 0- 6096 0-6096 FeO! 1-008 1-018 1-1 0-8 “V8 
0-7500 0-7501 0-7499 0-7498 0-995 0-979 0-976 es al —2°4 
0-8594 0-8593 0-8596 0-8595 1-005 1-021 1-018 0:5 Be || 1:8 
0:9375 0-9371 0-9374 0:9374 0-986 0-989 0-989 —1:4 = ie! {oil 
0.9844 0-9841 0-9843 0:9844 1-002 1-002 1-005 022 2:0 Oe) 
1 -0000 0:9998 0-9999 1-0000 = oe = — = a 


Fig. 7. The constants of the two dashed curves were deter- 
mined by the two extreme circled points on the right and on 
the left, and it is seen that the four intermediate measured 
points lie as closely to the composite theoretical error curve 
as can be expected. 

The minimum of the composite curve in Fig. 7 lies at 
(X,,/,,) = 0:016. Increasing the scale of the model would 
shift the minimum to the right,as woulda lower diserimination 
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in the measurement of the X-function, whereas an increase in 
the applied maximum voltage ®,, would shift the minimum 
to the left. In practice, it is advisable to choose a (X,,/®,,)- 
ratio such that the working point is on the minimum or 


Z systematic error 


0:06 O10 
Xm / Dm 


Fig. 7. Combination of systematic and statistical errors 
in the evaluated maximum stresses as a function of the 
(X»/P,,)-ratio 


slightly left of it, so that the statistically-distributed errors 
outweigh the systematic errors (in view of the possibility 
of ‘“‘smoothing’’). 


8. CHECK OF SOLUTION BY RESIDUALS AND 
IMPROVEMENT OF ACCURACY BY RELAXATION 


- It was found useful in a number of cases to check the 
recorded analogue solutions for the absence of larger errors, 
e.g. due to a clerical error in the recording or transcribing 
of the measurements, or due to a fault in the resistance- 
network analogue apparatus, by evaluating the residuals # 
by the formula used in the relaxation technique: 
4 8 12 
Dig D) C—O) Pee AI) (25) 
1 5 9 
In equation (25), the suffixes denote the functional values X 
at the correspondingly labelled mesh points in Fig. 2, and 
all X-values are referred to the maximum value X,, = 1. 

A typical distribution of the residuals calculated from the 
analogue solution [e.g., example (a), Section 9] is shown in 
Fig. 8. For the residuals at the interior points adjacent to 
the boundary, “‘fictitious” y-values were computed for the 
next mesh points outside the boundary from the independently 
recorded ®-distribution, measured in the upper network, by 
solving the equation 


ox, = [4 a (R'/r)]Xo + R’®)/r =0 
1 


for the unknown “‘fictitious” X-value, Po being the boundary 
points. 

The residuals are seen to be fairly well distributed, the 
largest residuals mostly being surrounded by residuals of the 
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method. =: 


opposite sign. For instance, the sum of all residuals over } 
“block”? of nine mesh points centred on the point with th 
largest residual which occurs in Fig. 8 (Z-=85-X 10“) 
ie. the block centred on the point x = 5, y = 10 and mad it 
by the dashed. contour, amounts to only 11 x 10~4, althoug}) 
the sum of the absolute values of the residuals in this bloc| 
is 311 <x 10-4. Hence, the larger residuals will be due 1) 
localized inaccuracies in the recorded y-distribution. | 
should be possible to remove these local errors by relaxatiol) 
and one would therefore expect that the accuracy of thV 
recorded resistance-network analogue results could t 
improved through subsequent relaxation by a factor of tw 
or three without very great expense of time and effort. Tk 
network method in itself ensures, of course, that the sum ¢ 
all residuals is small. 


~ 4] 1] sz} -4| 10] -a] +10] _| 
14] +64 ee -74| -8|+20 
-37| +26| -28| +7) +10] -6| -lo 


+33 
—9| +26] +29 61 +20)! 

-2| -9] 3 fs 26) on 
25|_-o) if zl 32] valt-2 | 
sels] ela a9] -aal |_| 
+8 oR ane +20 
26] <ul] 26 o26| 24] tp] 


+29/ +20 +20} -14 +5 


=i] +12] +13 Se 


Fig. 8. d 
tion of residualjp 
for analogue solt} 


I 
tion of exampl! 


(a), Fig. 9 
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The residuals found for the analogue solutions have als# 
been compared with those calculated from published relaxafl 
tion solutions.“) The residuals derived from the analogu’s 
solutions were found to be up to about 25% greater, bul 
slightly better distributed. Hence, the accuracy of the analogue 
solutions reported in this paper, without subsequent improve) 
ment by relaxation, will be about the same as that of th!” 
published relaxation solutions referred to. oe 


9. TWO PRACTICAL EXAMPLES 


A fairly extensive study of the new method was carrie : 
out for two types of problem, (i) problems with uneven load) 
distribution along the boundary but simple geometry of thi 
boundary, and (ii) problems with simple loading condition} 
but more complicated geometry of the boundary. It wal 
thought that once the best method of dealing with thes/ 
two classes of problems were established, the way would bi! 
clear for treating more general problems. As a check o}) 
the new analogue method, mainly problems were investigated 
which had, at least partly, also been studied by the photoelasti! 


(a) Square block loaded over part of its surface. Al 
examples of problems of type (i), several rectangular blocks) 
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led uniformly over part of their surface, were investigated. 
typical case is that studied by Coker and Filon“>) in which 
juare block rests on a rigid surface and is loaded uniformly 
Ir eo central quarter of its upper surface, as shown in 
a/2 

Py 

| Fig. 9. Square block 
resting on rigid sur- 
face and loaded over 
central quarter of 
upper surface. 
Shaded area repre- 
sents model set up 
on resistance-network 
analogue (153 mesh 

points) 


ie) 


Yj 


: G 
2a 
Gas B 
{ etch Ps eet Gn fa) 
p./a | 
2a 


Pwing to symmetry, only the half which is shaded in Fig. 9 
# to be represented on the resistance-network analogue. 
} preliminary investigations on the analogue, it was estab- 
jed that the stress in the neighbourhood of the base AB 
tniform, of value po/4 if po is the uniform pressure over the 
't DE of the upper surface. 

-valuating the boundary conditions from equations (7) 
ing the line 4B, where s = x, F,, = po/4 and F, = 0, one 
His Xp = Xo{1 — G/a)?] and (0X/dx)g = — 2Xox/a?, Xo = 
+/8 being the value of X, at the point A. Continuing the 
pndary integration along the line BC, where ds = dy and 
;= dx, and F,= F,=0, one obtains along BC these 
bes: Xp = 0 and (0X/dx)g = — 2xo/a. Similarly for the 
ition CD of the upper boundary line Xz = 2Xo[1 — (x/a)], 
r/0X)yp = — 2X/a, and for the section DE: Xg= 
17/4 — 4(x/a)?], (OX/dx)p = 8Xox/a?. Finally, one has 
| the line EA on account of symmetry, (0X/dx)z = 0 and 
0/dx)p = 0. 

These boundary conditions are realized in the analogue 
impressing the voltages Vp, corresponding to po, along the 
‘tion DE of the upper edge, and Vo/4 along the edge AB 
ithe M-network, the section CE of the upper edge of the 
metwork bring connected to the zero point of the voltage 
ply system. The network studs along the boundary BC 
4 the @-network are connected to the adjustable voltage 
rces described in Section 5. The resistances along the 
wes BC and EA of both networks, and the series resistances 
! re doubled in value, to represent the “‘free edges” where 
dn = 0. Along the edges AB and CE of the X-network, 
ow value resistance chain and series resistances r of values 
ered in the same ratio (1 : 400) are used to achieve the 
scribed boundary potential distribution without the dis- 
bance caused otherwise by the shunting effect of the net- 
pe. (N.B. no manipulation of the X-potentials along 
ij se boundaries is needed as the correct potential distribution 
lestablished there automatically by the current flow from 
+ @-network into the X-network.) The simultaneous 
inditions (dX/dn)p = — 2Xo/a and Xz = 0 along the edge 
I of the X-network are satisfied by setting up the conditions 
r (0X/dn)z and then adjusting the D ,-potentials until, — 0 
also fulfilled, as discussed in Section 4. The prescribed 
lundary gradient —2Xo/a is established (see Appendix) by 
bding in currents of value —2Xoh/aR’ at each boundary 
ide along the edge BC of the X-network. This is most 
isily achieved by connecting each of the boundary nodes 
! the y-network to the terminal —Vo of the voltage supply 
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system through a series resistance of value r’. From 
equations (6) and (16) and the value Xo = poa?/8, one finds 
—2Xoh/aR’ = — aV/4hr, hence r’ = 4hr/a. In the model 
used, a = 8h, and thus r’ = r/2. The “‘level setter’’ resis- 
tances (L, and L, in Fig. 6) were set to such values that, in 
measuring the y-potentials with the potentiometer bridge Br 
(Fig. 6), Xo = 0-5000, the maximum value of X (at point E) 
then being 0-8750. 

The results of the investigation are shown in Figs. 10(@), 


© 


O-9 


0, / Po 


(eo) | 2 3 


4 
x i h 
Fig. 10(a@) Downward pressure distribution o,/po for 
several planes y/h = constant for partially-loaded square 


block, as found by the resistance-network analogue 
method 


(a) 


oy | Pc 


3 


4 

(6) x/h 

Fig. 10(b). Downward pressure distribution o,/Po for 

several planes y/h = constant for partially-loaded square 

block, as found by the photoelastic method (Coker and 
Filon) 


——— © -—~~- = Coker and Filon’s measuring points. 
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11 and 12. In Fig. 10(a), the relative stress component o,,/p9 
is plotted as a function of x/A for several values of y/h. It is 
instructive to compare the analogue solution with the solution 
of the same problem through the photoelastic method by 


10 


L 
ei 


O-5- 


(9). / Po 


fe) Daca CaaS 
y/h 
Fig. 11. Downward pressure distribution (G,)o/Po along 
line of symmetry as function of height within partially- 
loaded square block, as found by the photoelastic 
method (~~ + -—-) (Coker and Filon), and by the 
resistance-network analogue method (— o —) 


Fig. 12. Stress tra- 
jectories (thin lines) 
and contours of equal 
values of major 
principal stress p,/Po 
(thick lines) for par- 
tially loaded square 
block, as computed 
from the resistance- 


network analogue 
solution (‘“‘arrowed”’ 
stress trajectories 


associated with p,) 


0-25 


Coker and Filon.('>) Fig. 10(b) is Fig. 4-243 (p. 360) of 
their Treatise on Photoelasticity,">) redrawn on a common 
base line, and with the same co-ordinates as in Fig. 10(a). 
It will be noticed that the two sets of curves resemble each 
other fairly closely. The most noticeable difference is the 
rise of the stress, in Coker and Filon’s results, towards the 
edge of the loaded area; in the analogue result, the stress 
always drops away monotonically from a maximum located 
on the line of symmetry through the centre of the loaded 
area. Apparently, the desired condition of uniform loading 
of part of the top surface of the block was not completely 
achieved in Coker and Filon’s experiments [see their remarks 
on p. 361, Ref. (15)]._ Where the effect of the uneven loading 
in Coker and Filon’s experiment has died away, the agree- 
ment between the two results is very good [compare, e.g. 
the curves y/h = 13 in Fig. 10(a) and y/h = 12-8 in Fig. 10(5)). 
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A comparison of the stresses along the line of symmetry, a y 
measured by the photoelastic and network analogue methods i 
is given in Fig. 11. A more complete picture of the state o/) 
stress due to the partial loading is given in Fig. 12, whicel ij 
shows the stress trajectories and lines of equal maximun}y 
principal stress, based on the computation of a5 Ty and a i 
from the analogue measurements for all mesh points. Again i 
there is a good agreement with the data given by Coker an | 
Filon [their Fig. 4-242, p. 359 of Ref. (15)], the analoguip 
results being rather more extensive. 4 

As a further check on the evaluation of the results fron i 


a r 
the analogue solution of the X-function, the integral [eas A 


representing the total downward pressure transmitted by 
each plane y = constant, was computed for all sevent eI 
values of y/h = 0 to y/h = 16. The integral was found to D 
constant, as it should be, within better than 0:5 %. | 
To confirm that the analogue boundary gradients (0X/0x) [i] 
are in fact 0 and —2X /a = — 0-1250, the values of (0X/0x) fi 
were evaluated from the first and third differences, the missin) 
“fictitious” y-values outside the boundary needed for th: 
formation of the third differences being inserted from thi | 
measurements on the ®-network. The errors in (dX/dn) 
were in the range +0-0009, consistent with an accuracy 0% 
about +0-0003 in the X-measurement, and showing that thi 
principle of the analogue representation of boundary gradient pi 
is correct. op 
(b) Cross-bar under tension. As a typical problem 0} 
type (ii), a cross-bar under uniform tension po, applied t 
the ends of the vertical member, as shown in Fig. Bale 
was investigated. On account of symmetry, one quarte) 
only of the cross-bar (shown shaded) had to be representeq 
on the resistance-network. At first, a relatively small-scald 
model was used, in which the half width a of the cross-baij 
was only a = 3h, but it was soon realized that this mesh i d 
too coarse to allow a sufficiently good representation of tht) 
fillet (radius of curvature p), and the model was enlarged tcf 
the size shown in Fig. 13(b), for which a = 6h. Three cases#i 


pclealen 
Ps 


Fig. 13. (@) Cross-bar under tension (first model, 89 ? 


Sf 


mesh points). (5) Investigated section of cross-bar | 
(second model, 218 mesh points) q 


p =a, p=a/2 and p =a/4 were studied. The network? 
modifications necessary to represent the fillet were computed} 
by the rules given in earlier work, as mentioned at the end of 
Section 5. In the first case, the total number of mesh points|i 
in each network was 223, in the other two cases 218. The! 
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pene values used in the case p = a/2 are shown in 
y. 14. 

| 
ithe previous example. Along the line AB of Fig. 13(d), 
L/d1) = 0 and (0®/dn) = 0, owing to symmetry. Along 
/; Pi=O0-and F, = 0, hence -QX/ds)p = (oxX/dy) = 0, 


i Fig. 14. Resistance-network representation of fillet 
: (p = a/2) 


ed X, = constant = Xo, with (0X/dx)p = 0. Similarly, 
pong CD, (0X/dn)z = 0 and (dX/ds)z = 0, whence Xp = 
rastant =X,. Along DE, F,, = Po; upon integration with 
spect to s=a—x, here Xp= Xol2(x/a) — (x/a)*], and 
X/30, = QXo/a[l — G/a]. It also follows from 
2X /D.x2)_ = po that Xp = — poa?/2. Along EA, (0®/dn)g=0 
ving to symmetry and F, = 0, hence (0X/dn)z = constant = 
| 2Xo/a. 

‘The realization of these boundary conditions in the 
sistance-network analogue is similar to that of the previous 
kample. The boundary gradients in the x-network along 
14 are again established by feeding in currents, from the 
egative terminal of the voltage source (V = — Vo) through 
tries resistances r’. It is then found, as in the other example, 
nat _r’ = (h/a)(Vo/Po)r, where Do is the potential on the 
»-network corresponding to the traction po. In the present 
ase, it is convenient to make My = V,/2, say, and as a = 6h, 
=. r/3. The simultaneous boundary conditions Xz = Xo 
nd (0X/dn)z = 0 along BD are achieved by setting up 
)X/dn)p = 0, and adjusting the ®, values until Xz = Xo 
erywhere. Along the edge DE, a low resistance potentio- 
heter chain is connected, resulting in the establishment of 
le desired boundary values, and the level setter resistances 
and L, (Fig. 6) are always adjusted during the progress 
if the work to make the Xz value at the corner D [Fig. 13(5)] 
qual to X9 = 1-0000 in terms of the potentiometer bridge 
reading, the zero point of the bridge being connected to 
hoint E of the model. 

| Two to four independent runs were taken for each different 
‘Lalue of the corner radius p, starting each run with an arbitrary 
initial setting of the D,-adjustment potentiometers along BD. 
Agreement between the solutions obtained in’ the separate 
uns for each value of p was very satisfactory, the difference 
bf the solutions for X being a few units in the fourth decimal 
blace. It was invariably found that the mesh value at the 
Hentre of the fillet could not be brought more closely to the 
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prescribed value yo than about 0:8°%, and that errors of 
about 0:2% have to be tolerated at its two neighbours along 
the boundary if the achievement of the correct value Xo 
within an accuracy of 0:05% at all other boundary points is 
required. These errors near the centre of the fillet appear 
to be of a systematic nature, and are thought to be due to 
the network inaccuracies caused by the modifications needed 
to represent the fillet. In evaluating the stress components 
from the y-function, graphical smoothing was employed to 
eliminate the influence of these errors, and a cross-check of o,, 
near the fillet from the constancy of f o,dx, and of (a, +r oy) 
from the independently measured ©-distribution, confirmed 
that the smoothed y-values were reliable. 

The reproducibility of results is illustrated by Mables27 
which gives the maximum value of the sum of the stress 
components (or principal stresses) for two runs each for each 
value of p. The internal consistency is demonstrated by the 
comparison of (a, + o,)/Pos calculated from the X-distri- 
bution, and of ©/@®, measured directly in the @-network. 
The results given in Table 2 are typical for other points also; 


Table 2. Typical check of (a, + oy) against ® (at position 
opposite centre of curvature) 


Case e/a Co-ordinate Run (Gz + 6y)/Do0 0/Do 
I O25 dit, Vide leone kot (7H 1-69 

2nd 1-69 1-67 

I) O85! dig 2 ig a0 See stk 59 eee 
2nd LS6 pose) 

MLS 1-0-3 xia =1, ia 2 Ist 1°38 1:38 
2nd 1-41 139 


from comparisons of this kind, the errors in the evaluated 
stress distribution can be estimated to be within + 2%. 

The values of the maximum stresses found by the analogue 
method can be compared with those obtained by Willemze,“® 
using the photoelastic method. He estimated his errors to 
be of the order of +5°%, and Table 3 shows that, within this 


Table 3. Comparison of maximum stresses by photoelastic 
and resistance-network methods 
By resistance-network Photoelastic (+5 %) 
(42%) [Willemze®)] 

Case ela Pi Pi 

I 0:25 1-60 1-64 

II 0:5 Ibo ay2 1:47 

Ill 1:0 Posh (235) 


* By extrapolation. 


accuracy, agreement between both methods is very satis- 
factory. The relatively low value of p, found by the analogue 
method for Case I may be partly due to the fact that the mesh 
size used is really too coarse for the radius p = al4. 

The result of the full analysis of the stress distribution, 
based on the analogue solution for the X-function, is given 
for the case p = a/2 in Figs. 15 to 19. The same analysis 
has been carried out for the other two cases p = a/4 and 
p = a, but the results are of a sufficiently similar character 
to those obtained for p = a/2 (see Tables 2 and 3) that they 
do not justify reproduction here. Fig. 15 shows the lines of 
equal values of (co, + 9,)/Po = @/®o, obtained by inter- 
polation along the curves @(x) for y = constant, and O(y) 
for x — constant, drawn from the @-values measured at the 
mesh points. The two stress components 0, and o, are 


represented separately in a similar manner in Figs. 16 and 17, 
From o,, 


whereas the shear stress T,, is given in Fig. 18. 
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o, and 7,,, the values and directions of the principal stres se ‘ 
P,/Po and p/po were calculated. These are shown in Fig. If) 
as stress trajectories (thin lines). The contours of equa! 
values of the major principal stresses are shown by 


heavy lines in Fig. 19. It is worth noting that the points oj}? 


Fig. 15. Contours of equal values of D/O) = 
. (0, + o,)/po for cross-bar under tension with p = a/2 


Fig. 18. Contours of equal values of shear stress T,,/po 
for cross-bar under tension with p = a/2 


Fig. 16. Contours of equal values of o,/po for cross-bar sae 
under tension, with p = a/2 HEA 
mea er ee 


a, 

the maximum values of o,, Oy, Ty, and p, are not coincident ; 
but closely grouped together at or near the boundary nearly ;) 
opposite the centre of curvature of the fillet. The positions |) 
of these points are of course only approximately known, as 
they were obtained by graphical interpolation between the |) 
values at the mesh nodes. sq 


10. CONCLUSION z 

ot 

In this paper, the principle of a new resistance-network 
analogue method for stress analysis has been discussed, and | 


it has been shown how far the application of the method has 
Fig. 17. Contours of equal values of o,/Po for cross-bar progressed until now. The results of several investigations 


under tension, with p = a/2 have demonstrated that the new method can give results as | 
156 BRITISH JOURNAL OF APPLIED PHYSICS a 


jable and as accurate as the previously known methods 
merical or photoelastic), whilst being faster and simpler 
jhandle. It has also been indicated how measurement 
ors or truncation errors can be reduced, either by an 
lension of the analogue technique or by combining it with 
: existing numerical methods. While a more refined 
|hnique is required in this new field of application of the 
istance-network analogue than was needed in the solution 
iithe simpler second-order partial differential equations, the 
amples given demonstrate that the technique has been 
veloped far enough already so that problems of moderate 
Hiculty can be solved. There are obvious improvements 
i the analogue apparatus and its associated measuring 
‘hnique which can be made. However, much remains to 
jlearned about the best way of solving problems of greater 
plexity, and particularly about the establishment of the 
rrect boundary conditions in problems where not tractions 
it displacements of the boundary are the given data. 

The discussion of the network analogue relations has also 
dicated that the new analogue technique is applicable to 
5 solution of many other preblems in elasticity described 
a fourth-order partial differential equation, like the 


aiding or extension of plates. Here again, the main diffi- 
ity often resides in the enforcement of the required boundary 
nditions, as was shown by some exploratory experiments. 
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APPENDIX 


Boundary gradients in resistance-network analogues for 
solving the biharmonic equation V+y = 0. Consider the 
Square mesh arrangement Po... P,, shown in the diagram, 
Fig. 2, and let Py be the boundary point where ox/on = 
oX/dx = 0 is prescribed, the boundary passing parallel to 
the y-axis through the points P,)...P >. To represent the 
boundary condition dX/dn = 0, both networks are terminated 
along the boundary by breaking the resistance connexions 
to points outside the boundary, i.e. along line Py — Py, etc., 
and doubling the resistance values along the boundary, 
between points Py and P5, etc. This is equivalent to assigning 
values to the functions at the ‘“‘fictitious” nearest points 
outside the boundary which are equal to those at the corre- 
sponding nearest points inside the boundary (as in relaxation), 


Le. 
®, ae ®,, 0, os 
X3 a Xt, X74 a 


D,, O, Fa OF 
Xo Xs ae Xs 


(26) 
and (27) 


Substitute in ®, = ,, ie. (V?X); = (V2X),, the usual finite 
difference approximation 


ROX ONS 
Xeions Nn aes AN, (5a J sale 
h2 7X HX 
Xo +Xs+Xo +X — 4X1 5 (SS toa 
In view of equation (27), this can be written 
X11 — Xo — 4X3 + 4X, + 06S) = 0 (28) 


where 6” is the nth difference with respect to x of the 
function X, taken at the point Py. Equation (28) can be 
rewritten as 


8’ — 48, + 0869) = 0 (29) 
As 69 = 0, it follows that 
Oo 00 (30) 


Hence, the lowest order term neglected in the setting up of 
the boundary condition dX/dn = 0 in the resistance-network 
analogue for solving the biharmonic equation is of the order 
of the Sth difference, i.e. one order higher than the difference 
approximation of the biharmonic equation itself (as is the 
case with the Laplace equation). The use of the correct net- 
work termination at the boundary, as described, is therefore 
equivalent to the introduction of two “‘fictitious” external 
mesh points for each boundary point, and the smoothing 
technique,“ required when only one “‘fictitious’’ external 
boundary point is used in relaxation, is not needed in the 
analogue method. : 

If 0X/0n 40, e.g. d0X/dn = g, is prescribed, this can be 
established in the network method by feeding at the boundary 
points of the y-network currents into the network of value 
Ip = goh/R, etc. By a similar reasoning as before, one 
establishes that, with gy) = (X; — X;)/2A, 


(OX/d1)o = &o — AG + 009” 


where 6{5) is the fifth difference of X, as before, and Ag is 
the second difference of the boundary gradient taken along 
the boundary 

Ag = & + 84 — 280 


If this term should be of any significance, a correction for 
this can be made by modifying slightly the fed-in currents Jp. 
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The resistivity of thin metallic films 
By D. E. Crark, Ph.D., A.Inst.P., Physics Department, The Northern Polytechnic, London, N.7 
[Paper first received 6 December, 1954, and in final form 11 February, 1955] 
The resistivities of thin films of antimony and of bismuth have been measured by direct current 
and at frequencies of 0:92 x 101° c/s and 2:65 x 10!% c/s. 


measured by microwaves was found to be about 0-8 times that measured by direct current. 
antimony films there appears to be no systematic difference between these values. 


Considerable experimental work has been undertaken on the 
determination of the resistivities of thin metallic films. Most 
of the measurements have been made with direct current (see, 
for example, Van Itterbeek“), though more recently resis- 
tivities have been determined at high radiofrequencies.@-*) 
The object of the present series of observations was to com- 
pare the resistivities of antimony and bismuth films at micro- 
wave frequencies with the values measured by direct current. 
Most of the previous measurements on the electrical properties 
of thin films have been made with the films in a vacuum 
chamber continuously evacuated. Because of the experi- 
mental difficulty of making microwave measurements in a 
vacuum with apparatus readily available, all the present 
observations were made with films removed from the coating 
unit. 


EXPERIMENTAL METHODS 


All films were prepared by evaporation under reduced 
pressure using a conventional vacuum evaporation unit, the 
substrate for each film being a glass cover slip about 0-1 mm 

- thick. The pressure in the coating unit was allowed to fall 
to the same value (0-6 ;) before any evaporation process was 
commenced, and the rate of evaporation, about 4 mg of 
metal per min, was adjusted to be approximately the same 
for all films deposited. In general, for each mass of metal 


T G G 
aa u 
A B A B 
Re ea ee f Beer arm, 
(a) b) 


Fig. 1. Specimen mountings 


(a) Method for measurement at 0:92 x 101% c/s; (6) method 
for measurement at 2°65 x 101% c/s. 


A, standing wave detector; B, short-circuit section; C, metal 
film; D, diaphragm; £, glass substrate; F, quarter-wave 
section; G, cover slip compensator. 


evaporated three films were prepared, one for each of the 
microwave measurements and one for direct current measure- 
ment. The film for direct current measurement was deposited 
between electrodes of silver which had been formed by a 
previous evaporation process. 

For measurement at 0:92 x 10!° c/s the capacitative effect 
of the glass substrate was compensated by the use of an 
inductive diaphragm of aluminium foil, and, in the case of 
measurement at 2:65 x 10!%c/s, by the use of an identical 
cover slip separated from the test sample by a section of 
waveguide one-quarter of a guide wavelength long. Each 
waveguide test bench consisted of a klystron oscillator 
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For bismuth films the resistivity 
For 


operated from a stabilized power supply, variable attentuator, 
wavemeter, standing-wave detector and an adjustable short i c 
circuiting plunger, the distance of which from the film under) Z| 
test was adjusted to be one-quarter of a guide wavelength. 
The methods of mounting the specimens are shown in Fig. 1.) 

During all measurements the power used was sufficiently }F 
small for the observed resistivity to be independent of the | 
current in the film. 


CALCULATION OF RESULTS 


The film under test was placed one-quarter of a wavelengt 
from the short-circuit termination and was thus at a point} 
of infinite impedance. Consequently, the nature of the 1! 
standing-wave pattern existing on the generator side of this © 
film gave directly the wave impedance, Z,, at that surface of |: 
the film nearer the generator. It is shown below [equation 
(9)] that the value of this impedance enables the resistivity of | 
the metal to be calculated. 4 

Let zp), y and / be respectively the characteristic wave © 
impedance, propagation constant and thickness of the metal js 
film. Then z,, the wave impedance at the generator side of ts 
the film, is Sen by: 

Z, = Z) coth yl a. 


For the Ho, mode of vibration we have 
YP = (n/a)? — wue[1 — (jo/we)] 
also Zo = jwmly (3)) 
where a is the width of the waveguide, i 
w/27 is the frequency of vibration, i 


and 4, €, o are respectively the permeability, permittivity and iF 
conductivity of the metal. 


Making the assumptions that o/we s 1 and wuo = (n/a)? 
=1 


we have , 
yaw Gonerees 6 )) 

and zg = 1 +/)V(wl20) (3) 

where a = B = v/(wpo/2) ©) 


Equation (1) may be written 
Z, = Zo[cosh (a! + jBl)]/[sinh («! + j8))] 


and making the assumption that for the films investigate i) 
al < 1 then 
z, zeal =f) @| 


Combining equations (3), (4), (5) and (8), we have . 
Z,.= 1/ol 


To determine the thickness of any film, the piece of metal 
id in preparing that film was weighed before evaporation, 
1a film formed by the evaporation of about 2 g of metal 

also weighed. The film thickness was assumed to be 
i portional to the mass of metal evaporated, and the density 


he film was assumed to be that of the metal in bulk. 
| 


=> 


EXPERIMENTAL RESULTS 


ji) Antimony. All the antimony films showed an initial 
prease of resistance with time, and, in general, a small 
yirease about an hour after formation. The initial decrease 
's greater for direct current than at microwave frequencies 
H in general was less marked the thicker the film. The 
ults for two films are given in Table 1 and Big 2) ein 


' Table 1. Variation of resistance with time (antimony) 
t 


Thickness of film = 98 A Thickness of film = 75 A 


tiny Ry (Q) Kz (Q) BR; (Q) t (min) Ry (Q) Rr (Q) Rs Q) 
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ig. 2. Variation with time of resistances R,, R. and R; 
(antimony films) 


b = dic. values; X = values at 0:92 x 1010 c/s; O = values 
at 2-65 x 1019 c/s. 


{ble 1, t is the time after formation of the film and R, Ry 
R, are the values of the film resistance per unit square 
kained with direct current and at 0-92 x 10!° c/s and 
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2 65 x 10! c/s respectively. The decrease of resistance with 
time is probably due to crystallization of these films deposited 
initially as amorphous layers.@) 


Table 2. Variation of resistance with film thickness 


(antimony) 


Distance of films from heater = 26cm. Assumed density of 
antimony = 6-68 gcm~3 


For 2:65 g evaporated, mass deposited on film (3-2 x 3-2 cm) 


= f/ te) 00h 
é x 105 z x 105 xz ~ 105 

m(mg)  1(A) Ry (OQ) Ra (Q)_——R3 (Q) (Q-}) (OD) (O-) 
9-9 43 2000 2360 — 50 42:5 — 
11-0 47 1690 1200 1410 59 83 Ths 
11-8 Di=e2S93 847 =: 1220 112 118 82 
13-4 58 4182 2513 413 239 195 242 
faye | tp) 2 a8 400 338 301 250 296 
17-4 Le eS 204 235 448 490 426 
18-9 81 = 156 169 NTA 641 SOEs S05 
BOOS ON 1k? 120°5 134 757 830 746 
22788 98 98 San dll 106:5 1016 901 940 


The variation of the minimum resistance with film thickness 
is shown in Table 2 and Fig. 3. There appears no marked 
difference between the direct current and the microwave 
resistivities in the case of antimony. The resistivity of a film 
of thickness of 100A is approximately 1 x 10-4 Q cm, that 
is greater than the resistivity of antimony in bulk by a factor 
Ole2255 


lIOOO; ~ 
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= 
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Film thickness (A) 


Fig. 3. Variation of resistance with film thickness 


(antimony) 


= dic. values; X = values at 0:92 x 1010 c/s. 


In Tables 2 and 4, m is the mass of metal evaporated and 


lis the calculated thickness of the film. 
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(ii) Bismuth. Bismuth films of thickness less than about 
45 A showed an increase of resistance with time, the increase 
being greater for direct current than at microwave frequencies. 
An approximately linear relation between thickness and the 
reciprocal of film resistance was found to hold. The experi- 
mental results are expressed in Tables 3 and 4 and shown 
graphically in Figs. 4 and 5. For the 24 and the 42:5A 


Table 3. Variation of resistance with time (bismuth): 4 

Thickness of film = 42:5 A ; 

t (min) 2 5 10 15 26 61 74 101 130 160 200 
R, (Q) 829 842 858 863 893 941 958 982 1012 1026 1041 1056 a 

R, (Q) 706 710 716 719 135 748 TB — 7159 761 765 77a 
Table 4. Variation of resistance with film thickness (bismuth) _ that is the resistivities of the films are greater than the resis- : 


Distance of films from heater = 17-3 cm. Assumed density 
of bismuth = 9-8 gcm~3 


For 2-09 g evaporated mass deposited on film (3:2 x 3-2 cm) 
== (Bjospinire 
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Fig. 4. Variation with time of resistances R, and Rp. 
Bismuth film thickness 42-5 A 


O = d.c. values; < = values at 0:92 x 1010 c/s. 


160 


films, the resistances given in Table 4 are those initially |» 
observed. The resistances of all other bismuth films appearec 
constant with time. The increase of resistance of the thin) 
films may be due to their tendency to form small grains. 

The resistivities calculated from Table 4 are approxi-}) 
mately 43 x 10-5Qcm for direct current measurement) 


and 36 x 10-5 Qcm for measurement at 0-92 x 10!°¢/s,¥) 


tivity of bismuth in bulk by factors of 3-6 and 3-0 respective y. \ 


for direct current and microwave determinations. i 
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Fig. 5. Variation of resistance with film thickness = 2 


(bismuth) 


© = dc. values; x = values at 0-92, x 101 c/s: 
at 2°65 x 1019 c/s. 


= values | 


ACKNOWLEDGEMENT 


equipment used in these observations. 


REFERENCES 4 
(1) VAN ITTERBEEK, A. Low Temperatures, p. 118 (London: 


=) 


Physical Society, 1947). 5 
(2) Tiscuer, F. J. Z. Angew. Phys., 5, p. 413 (1953). 7 
(3) Broupy, R., and LevinsTeIn, M. Phys. Reyv., 94, p. 2854 
(1954). , *} 
(4) SakurAI, T., and MuNeEsuE, S. Phys. Rev., 85, p. 971 
(1952). q 


BRITISH JOURNAL OF APPLIED PHYSICS | 
KA 


oan 


Desorption of gas in the cold cathode ionization gauge 


By E. Brown, B.Sc., and J. H. Lecx, M.Eng., A.M.I.E.E., Department of Electrical Engineering, The University 
of Liverpool 


[Paper first received 16 December, 1954, and in final form 4 February, 1955] 


In this work desorption of gas in the cold cathode ionization gauge by positive ion bombardment 
| has been studied. Mass spectrometer measurements have shown an interesting exchange process 
to take place at the cathode of the gauge. Incident ions with an energy of the order of 1000 eV 


drive off molecules already trapped at the surface and are themselves adsorbed. 


In addition 


to a careful study of this phenomenon a further clean-up mechanism has been noticed, in 


which gas is held in the interior of the electrodes. 


simultaneously. 


interest. 


e work described in this paper follows upon some earlier 
malitative observations of gas clean-up in the Penning-type 
Wid cathode ionization gauge.“ In the previous work 
jicre was no apparatus available to study either the gas 
-mposition in the system or the desorption by the discharge. 
| was, however, observed that large quantities of gas, 
pproximately the total quantity taken up by running the 
iischarge, could be recovered by heating the gauge envelope. 
4 present work has been undertaken to investigate the 
sorption which takes place both by heating and also by 
2 ion bombardment itself. One improvement in the 
shnique has been made by introducing a mass spectrometer 
i measure pressure. This enables the sorption and desorption 
; a single element in a complex gas mixture to be followed, 
cause partial pressures down to 10~!° mm of mercury can 
| recorded even with the total pressure as high as 10-> mm 
}; mercury. 
| The work has been confined to a cylindrical anode gauge 
* the type described by Penning and Nienhuis in 1949.2) 
is discharge tube is a simple and convenient ion source 
‘-oviding a positive ion current of the order of 10 wA at a 
Hessure of 10-©mm of mercury. Unfortunately results for 
jarious positive ion swarm energies cannot be obtained with 
his discharge because the ion energy distribution has not 
ben measured and it is not easy to control the cathode 
}mperature independently of the discharge. 
| 
| APPARATUS 


Penning gauges with electrodes of nickel, molybdenum 
d aluminium were used, each having an anode approxi- 
hately 2 cm long and 2 cm in diameter. The envelopes were 
Pyrex glass, connexion to the main vacuum manifold 
eing by a glass tubulation and a glass-to-metal seal. The 
lacuum pumping system shown diagrammatically in Fig. 1 
insisted of Metrovac O3B and O2 diffusion pumps (by 
etropolitan-Vickers Electrical Co. Ltd.) in cascade with a 
Inall single-stage (Metrovac S.R.2) rotary pump, a solid 
p rbon dioxide vapour trap being placed between the Penning 
lauge and the diffusion pumps. The gas composition and 
jressure in the Penning gauge could be controlled by passing 
las from a two litre reservoir vessel through a porous plug 
hto the main vacuum system,-the pressure in the manifold 
seing approximately proportional to that in the reservoir, 
}0-5 mm of mercury in the manifold corresponding to a 
leservoir pressure of the order of a few mm of mercury. 

| A 90° deflexion mass spectrometer with a Nier-type source 
ind fixed magnetic field was used throughout this work. This 
4strument, which is similar in most respects to the com- 
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These two clean-up reactions take place 


These phenomena are probably not confined to the cold cathode ionization gauge but take 
place whenever surfaces are exposed to ion bombardment and are therefore of fairly general 


mercial M.S.3 machine (manufactured by the Metropolitan- 
Vickers Electrical Co. Ltd.), resolved up to mass 90 and, 
with an automatically stabilized high-voltage supply and a 
high gain d.c. amplifier, proved capable of partial pressure 
measurements of less than 10~!9°mm of mercury. The 
spectrometer tube connected directly to the pumping mani- 
fold without intermediate valves or constrictions. An 
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Fig. 1. Schematic diagram of apparatus 

ordinary hot cathode ionization gauge, type 29D2 (by Edison 
Swan Electric Co. Ltd.), was included in the vacuum system 
to measure the total pressure, the pumping speed at the 
manifold and also for calibrating the mass spectrometer. 
[The pumping speed for any gas could be obtained by measur- 
ing the increase in pressure in the manifold due to a known 
flow of gas through the porous plug, the gas flow being 
calculated from an observation of the rate of fall of pressure 
in the reservoir. By definition, the pumping speed of the 
manifold is given by the ratio (gas throughout)/(gas partial 
pressure).] 

The mass spectrometer and the connecting pipe work could 
be baked to 100° C and the glass bulb of the Penning gauge 
to 400° C. A radio-frequency induction heater enabled the 
gauge electrodes to be heated to about 1000°C. After 
100 hours pumping with the mass spectrometer tube and the 
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gauge envelope baked continuously the residual gases were 
found, as expected, to consist largely of water and hydro- 
carbon vapours. Water vapour, the largest of the residuals, 
was of the order of 10-8 mm of mercury. The air pressure 
was negligibly small, always less than 10-9? mm of mercury. 
The residual spectrum was similar to that reported by Blears®) 
for an almost identical vacuum system, the total pressure 
being a factor of two or three times greater in the present 
work, probably because of the rather less stringent pumping 
cycle. 

In most cases spectroscopically pure gas samples were used 
in the following experiments. In every sample, mass spectro- 
meter measurements showed the total impurity to be less 
than 0:-1%, except for krypton which had a 1% xenon 
impurity. 


EXPERIMENTAL PROCEDURE AND RESULTS 


The following procedure was adopted to obtain successive 
sorption and desorption in the Penning gauge. Sorption was 
first achieved by running the discharge in a particular gas for 
a given time. Then, after switching off the discharge and 
removing the gas sample from the vacuum system, the 
molecules taken up by the discharge tube were recovered by 
restarting the discharge in another gas. The desorption rate, 
observed by means of the mass spectrometer, rose to a 
maximum immediately after restarting the discharge, and then 
fell off exponentially to zero in a period of from 20 to 60 min. 
If, after some minutes operation in the second gas, the gas 
composition in the discharge was changed, either to. the 
original or some other gas, molecules of the second gas were 
immediately recovered from the Penning gauge. This 
desorption by the discharge was observed for all the gases 
used in these experiments, i.e. helium, neon, argon, krypton, 
hydrogen, nitrogen, oxygen and carbon dioxide. 

The rate of outgassing did not depend to any appreciable 
extent upon either the applied voltage (between 500 and 
4000 V), the magnetic field strength (between 300 and 600 G), 
or the gas composition in the discharge, with the exception 
of hydrogen. The outgassing was comparatively inefficient 
with hydrogen, even with 4kV anode-cathode voltage drop. 
(The effect of voltage variation could only be observed down 
to 500 V as a stable discharge could not be maintained below 
this point.) 

Although the desorption rate depended upon the discharge 
current the total quantity of gas recovered was independent 
of this current. Typical desorption characteristics of argon 
in a nitrogen discharge plotted in Fig. 2 illustrate the general 
shape of all characteristics, and in particular show that, with 
the reduced discharge current, desorption takes place at a 
reduced rate but for a longer time. 

The total gas recovered depended almost entirely upon the 
previous sorption, both upon the type of gas taken up and 
also upon the discharge current and the operating time. The 
desorption characteristics obtained after having run the dis- 
charge in argon at 10 uA, for various times from 2 to 
3000 min, are reproduced in Fig. 3. During the first few 
seconds of the desorption the argon pressure rose as high as 
5 x 10-7mm of mercury. After 30 min it was difficult to 
measure the desorption against the background pressure of 
argon in the spectrometer. The comparatively large back- 
ground arises from the argon impurity in the nitrogen which, 
with the particular samples used in this experiment, was of 
the order of one part in ten thousand, thus giving a back- 
ground pressure in the spectrometer of approximately 
10~° mm of mercury. 
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The total quantity of gas recovered in each desorptio n 
experiment (given by the area under the curves in Fig. 3 ; 
multiplied by the pumping speed) has been calculated and they 


4 


hoa 
12 
a 
EO 
E , 
E 
OE 08 
506 
es Pwab) “ 
0.21442) 


vd 


| 
i 
LI 
| 
f 


5 


et hee ae dite: 


19 


Time (min) 
Fig. 2. Desorption of argon in a nitrogen discharge at . 


Previous sorption of argon was in a discharge of 100 wA for hy 
20min. Discharge current in nitrogen: curve (1), 100uA; 
curve (2), 15 wA. 


the area under the curves these figures can only be approxi- 
mate, the error probably being +10%. The main sources of 1 
error occur in estimating the gas removed during the first 


few seconds—when the pressure is high and changing [ 


\ 


Hg) 


. Argon pressure x 10’ mm 


Time (min) 


Fig. 3. Desorption of argon in a nitrogen discharge: 


The discharge current in the nitrogen was 100 uA. Previous 
sorption of argon was in a discharge of 10 uA for the times 
indicated in the key. The anode-cathode voltage of the 
Penning gauge was 2 kV for both sorption and desorption. 
+ = 3000 min, 0-66 1.u.; x 1000 min, 0-58 l.w.; O = 20 min, 
0:43 1.u.; 0 = 5 min, 0-191.u.; A = 2 min, 0-14 Ly. 


rapidly—and also in the long “tail,” which may extend almost 
indefinitely. (The desorption curves are not sufficient. 
approximations to the exponential to allow a simple formula | 
to be used to calculate area.) The total quantity of gas. | 
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moved is plotted as a function of the product of discharge 
rent x discharge time in Fig. 4, together with similar 
jults for helium, neon, krypton, nitrogen and oxygen. The 
lantity of gas is here expressed in terms of the number of 
p lecules rather than litre microns (1 |. at normal tempera- 
re contains 3-54 x 10!®molecules) and the discharge 
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ig. 4. The total number of molecules desorbed by 
positive ion bombardment in a nitrogen discharge 
& The values of ionic incidence quoted in Fig. 4 must be slightly 


high as the secondary electron emission has been neglected in 
estimating the ion current to the cathodes. 


! All the curves were obtained for a 2000 V discharge in the 
: sorption and desorption. 
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birrent X time as the number of ions reaching the cathode 
pA ion current for 1 min is equivalent to 3-75 x 10! ions). 
_ All the curves show a definite limit to the total quantity 
f gas which can be recovered. A large number of experi- 
nents have shown the maximum desorption to depend only 
pon the gas composition and not at all upon the discharge 
urrent, the anode-cathode voltage* or the magnetic field 
trength. The clean-up, however, only takes place in the 
iresence of the discharge. Experiments with argon, nitrogen 
nd oxygen showed that, even after leaving the gauge at a 
sressure of 10-5mm of mercury for as long as 24h, no 
neasurable desorption could be observed either by ion 
lL ombardment or by radio-frequency heating. Thus, taking 
to account the limitations of the measuring equipment, the 
ischarge increases the clean-up rate by at least four orders 
f magnitude. 

The gas could be driven off by heating instead of by the 
lon bombardment. If, after sorption, the gauge envelope was 
weated to 100° C, desorption was just detectable. The rate 
bf removal increased very rapidly with increasing temperature 
nd at 200°C the total desorption could be completed in 
bO min. The total quantity recovered was the same as that 
ibbtained by ion bombardment after the same sorption. 
| Radio-frequency heating showed that virtually all the gas 
was taken up at the cathodes. Either of the relatively small 
kathode disks could be heated to 1000° C without an apprec- 
lable rise in temperature of the anode. (The anode could 


_-* This is not exactly true for krypton or oxygen where the 
-ecoverable gas is 25% greater at 4 kV than at 2 kV. 
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not, however, be heated independently of the cathode.) 
After heating the cathodes for a few seconds to 1000° C no 
gas could be recovered in a subsequent ion bombardment. 
The gas must therefore be held at the cathodes, because 
during the heating the maximum temperature rise of the anode 
and gauge envelope was probably not more than 50° C. 

Except for hydrogen and helium there was virtually no 
desorption at room temperature. The desorption character- 
istics were not affected by leaving the gauge under vacuum 
at room temperature for as long as 24 h between the sorption 
and the subsequent desorption, except for hydrogen and 
helium where the quantity recovered was only 50% of that 
expected. One particular experiment showed that allowing 
the gauge to reach atmospheric pressure for a few minutes. 
immediately after the sorption of argon did not affect the 
subsequent desorption characteristic. 

All the above experiments were carried out in turn for 
Penning gauges with the nickel, molybdenum and aluminium 
electrodes. The results were essentially the same in each 
case. The residual vacuum conditions were never of the 
highest order, and a significant residual of water vapour and 
hydrocarbon molecules was always present in the system. 
Thus clean cathode surfaces, such as are essential for the 
measurement of accommodation coefficient) and work 
function,“ were never obtained. Throughout the period of 
the experimental work the residual vacuum varied appreciably ; 
for example, in the initial stages some preliminary experiments 
were carried out under very poor vacuum conditions. The 
initial pump down and bake period was limited to 24h and 
no radio-frequency heating of the electrodes carried out prior 
to starting the experiment. In the later work, however, a 
much longer bake time was allowed and the gauge cathodes 
heated to a dull red for 2 h before commencing the experiment. 
This change in the technique had no significant effect upon 
the results. During the early part of the work the discharge 
caused a continuous desorption of water vapour from the 
gauge, but in the later experiment—after thoroughly out- 
gassing the electrodes—desorption of water vapour by the 
discharge fell almost to zero. 

The sorption and desorption observed in the above experi- 
ments is almost certainly caused by a surface reaction. (This 
is discussed in the following section.) In addition to this 
adsorption there was seen to be an additional take-up of gas 
by the discharge, probably into the interior of the cathodes, 
these molecules being bound comparatively tightly to the 
metal so that they could not be dislodged by an ion bombard- 
ment or by a low temperature bake (to 200°C). Evidence 
of this second mechanism could be obtained with the present 
apparatus by heating the cathodes to a high temperature. 
For example, after sorption in argon for 24h and sub- 
sequent desorption in nitrogen, a further quantity of argon 


‘could be driven out by heating the cathodes to 1000° C, the 


actual amount recovered depending upon the operation of 
the previous argon discharge. Fig. 5, showing the total 
quantity of gas taken up at the cathodes in the argon dis- 
charge (or more exactly that recovered by positive ion 
bombardment +a high temperature bake) plotted as a 
function of anode-cathode voltage, illustrates the dependence 
of the total clean-up upon the discharge voltage. The rate 
of clean-up by this second mechanism is initially slower than 
that at the surface, but even after 24 h there does not appear 
to be any saturation. Again in contrast to the surface 
reaction, the sorption rate depends upon the gas composition 
in the discharge. It is, for example, very much greater for 
nitrogen than for the inert gases. (This is in agreement with 
the previous experiments“) which showed similar differences 
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of clean-up rate.) The different behaviour with respect to 
discharge voltage, current and time, and most important, to 
desorption by ion bombardment, suggests two very different 
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Fig. 5. Total quantity of argon recovered by heating the 
electrodes to 1000° C, after sorption in an argon discharge 
for 1000 min at 100 wA 


(For these electrodes; molybdenum, the surface layer was 
0-14 1.4 for all voltages between 0-5 and 4-0 kV.) 


sorption mechanisms. Therefore, as it is both easy and 
convenient to separate the desorption mechanisms, only the 
surface clean-up is considered in this paper. 


DISCUSSION OF RESULTS 


The following deductions about the sorption—desorption 
mechanism can be made from the experimental results. 

(a) Because the sorption and desorption is, to a first 
approximation, independent of the chemical nature of the 
gas or the metal surface, the molecules are probably bound 
to the cathode surfaces by Van der Waals forces. The 
relatively easy desorption is also consistent with physical 
rather than chemical bonds. With this simple physical 
picture it is difficult to understand why gas adsorbed from 
the ionic state is held much more strongly than that taken 
up as molecules. For the inert gases, for example, physical 
adsorption is only found at temperatures below about 
—80° C,©:7 whereas the surface layer formed from ion 
bombardment is stable up to approximately 100° C. 

(6) The maximum quantity of gas recovered corresponds 
approximately to that needed to form a complete surface 
layer on the cathode. This strongly supports the model given 
above. The numbers of molecules needed to form a surface 
layer on the cathode disks are given in the table together with 
the maximum observed desorption so that a comparison can 
be made. 


The number of molecules actually recovered from the cathodes 
and the number required to form a complete surface layer 
Maximum number of — Number of molecules to 
molecules adsorbed form a surface layer 
Gas x 10-16 x 10-16 
helium 10 4-7 
neon 
argon 
krypton 
nitrogen 
oxygen 
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(c) Assuming the adsorption rs be due entirely to mole 
cules held at the cathode, the chances of an ion “sticking” 
_ approaches 100°% for many gases. It can be seen from Fig. 48 
that with a short bombardment of up to 10!° ions, the number} 
of molecules adsorbed is of the same order as the number of | 
ions striking the surface, oxygen, however, being a nota ii 
exception. It is not therefore unreasonable to assume | 
each ion on arrival at the surface is adsorbed, knocking off } 
and taking the place of any other molecule held in the | 
immediate neighbourhood. Thus, when the composition inj 
the discharge is changed the gas on the surface changes from | } 
that of the old to that of the new gas. 

This work confirms observations on the sorption of nitrogen 
and argon in a hot cathode ionization gauge by Schwarz®) h 
who found desorption of previously adsorbed molecules’; 
during the clean-up of either gas. In this present work, is 
however, all the gas was taken up at the metal cathos 


clean-up in a Boe cathode low voltage discharge, found most it 
of the gas to be taken up by the glass. This is not inconsistent Lp 
with the present work because in the Penning gauge the 
discharge is shielded from the glass. 


CONCLUSIONS 


individual components of a gas mixture, sorption and }jj 
desorption have been shown to take place simultaneously ing | 
the cold cathode discharge. Positive ions adsorbed L 
striking the cathode at the same time dislodge any molecules | 2 
already held there. Because the sorption and desorption is. ‘if 
independent of gas composition the process is probably 3 
physical rather than chemical. The simplest physical ) 
explanation does not, however, account for the stability of 


1 d 
the surface layers up to temperatures approaching 100° C. 


up in the discharge. Gas is also taken and bound very tightlll ; 
to the cathodes by a mechanism depending very much on the j 
gas composition. “ A more detailed investigation of this t 
clean-up is being undertaken at the present time and will, it | 
is hoped, be reported in a later paper. 
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h understanding of the rheology of fresh concrete is of 
iP jor importance to the efficient use of the material, and a 
seat many methods have been devised in attempts to measure 
ic flow properties. None of the methods so far proposed 
“/e a result in terms of fundamental physical quantities and 
ene can claim success in practice over more than a very 
mited range. The study of cement pastes has been com- 
iratively neglected, although it seems apparent that a 
bowledge of their properties is necessary to gain a knowledge 
concrete itself. 

It is now common practice to apply a vibratory force 
Hequency usually 50 to 100c/s) in the placing of concrete, 
;oause it is found that the flow properties are profoundly 
‘odified so that a much drier mix can be used, and con- 
quently a higher strength of the set concrete obtained. 
Fen a concrete mix is vibrated the material at first subsides 
i then an apparent “fusion” takes place, so that a previously 
f material will flow comparatively easily. This change at 
est suggests the possibility of a thixotropic change or break- 
ewn of structure of the cement paste, so experiments were 
ried out to determine whether a breakdown under shear 
curred, and if it did, to obtain some measure of it. 


APPARATUS 


|The apparatus used was a coaxial cylinder viscometer in 
nich the cylinders were made of brass and had dimensions 
ilar to those used by Green,“':2) namely, inner cylinder, 
ldius 1-3 cm, height 5-0 cm; outer cylinder, radius 1-5 cm, 
jight 6-0cm. The gap was thus 2mm. The speed of the 
iter cylinder could be controlled continuously up to 
0 rev/min by means of an infinitely variable hydraulic 
lansmission, so that the maximum average rate of shear 
as about 360 reciprocal seconds. (Average rate of shear 
| reciprocal seconds = 0:72 x speed in rev/min.) The 
ner cylinder was screwed on to the end of a vertical shaft 
ich was supported by ball races, and the torque was 
easured by deflexion against various tension springs which 
ere calibrated by means of weights. (The constants are 
en in the figures.) The cylinders were surrounded by a 
tht oil, the temperature of which was controlled at 25° C 
HOSESC). 

iSince the gap was only 2 mm wide it was most important 
at the inner cylinder should be accurately centred, and this 
hs accomplished by means of small adjustment screws and 
i specially-made feeler gauge. It was found that a slight 
jsplacement of the inner cylinder (of the order of 0:05 mm) 
id no effect on the torque/speed curve obtained for a 
lewtonian liquid, but might alter the measured torque by 
| much as 30% for a paste having a yield value. The ten- 
bncy in this latter case was for the curve to be shifted 
brallel to itself. 
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The rheology of Portland cement pastes 


By G. H. TATTERSALL, M.Sc., A.Inst.P., Research Committee for the Cast Stone and Cast Concrete 
Products Industry, Stoke Poges, Bucks 


[Raper first received 14 December, 1954, and in final form 2\ February, 1955] 


Experiments with a rotation viscometer on the structural breakdown of Portland cement/water 

pastes are described. Hysteresis curves are shown and an empirical equation T = Ty + 

(T) — Tg) exp (— Br) for the decay of torque T with time f, at constant rate of shear, is given. The 

equation is also derived theoretically by assuming that the “excess torque” is proportional to the 

number of linkages existing, and it is shown that the predicted dependence of B on the rate of 
shear is approximately fulfilled by the experimental results. 


To overcome difficulties caused by loss of paste during an 
experiment, Green used a cap which covered the gap while 
clearing the inner cylinder, but in the present work it was 
found that such a cap introduced more errors, by shear of 
the paste between itself and the inner cylinder, than it pre- 
vented by stopping escape of paste. 


EXPERIMENTAL WORK 


A sufficient quantity of ordinary Portland cement for the 
whole of the work was obtained from a thoroughly blended 
batch, and was stored in glass-stoppered bottles. The specific 
surface of the cement as measured by the Lea—Nurse method®) 
was 3100 cm2/g. Each paste was made in the same way. 
50:00 g of cement were weighed out into a crystallizing dish 
and the required quantity of distilled water was added from 
a burette during 1 min, a spatula being used to break up any 
lumps that formed and to expose fresh powder to the water 
stream. The paste was then stirred fairly vigorously for 
43 min and placed in the outer cylinder which was rotating 
at about 40 rev/min. The inner cylinder was lowered into 
position slowly, thus squeezing out excess paste which was 
removed with a spatula. Exactly 34 min after the first drop 
of water was added to the cement the motor was switched 
off and the paste allowed to stand for 1 min, during which 
time the speed control was set to the speed at which measure- 
ment was to begin. At the end of the minute the motor was 
switched on and the measurement commenced. 

It was found that a cement paste with a water/cement ratio 
by weight (W/C) of less than 0:28 was too thick to be used 
in the instrument because the inner cylinder could not be 
lowered into it, while at the other extreme, if the W/C ratio 
exceeded 0:35, pronounced sedimentation occurred. Full 
results were therefore obtained on pastes with W/C ratios of 
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Fig. 1. Hysteresis curves obtained for 0-3 W/C paste 


(Calibration constant 2:22 x 103 dyn. cm/mm.) 


165 


pee. 


G. H. Tattersall a 


O28." 0330 and 10-329 (.e. 20 Seok and 24:2°% water 
respectively). 

Preliminary work was carried out on a paste of 0-30 W/C 
ratio and it was found that when torque was plotted against 
the speed of the outer cylinder, the up-curve (i.e. for increasing 
speed) and down-curve did not coincide, that is, a hysteresis 
curve was obtained. Fig. 1 was obtained as the result of a 
continuous experiment on one particular paste (0-30 W/C) in 
which the speed of rotation of the outer cylinder was increased 
to a maximum, reduced to zero, increased again and so on 
as shown on the graph. The curves were obtained in the 
order shown by the numbering and the arrows show whether 
the speed was being increased or decreased. For each curve, 
readings were taken of the deflexion as the speed was changed 
in small steps, the time of rotation at any particular speed 
being just long enough for a determination of the speed by 
means of the revolution counter and a reading of the deflex- 
ion. Conclusions which may be drawn from this experiment 
are as follows. 

(1) The obtaining of hysteresis curves indicates that a 
structural breakdown of the paste takes place under shear. 
These curves are similar to those obtained by Green and 
Weltmann®? working with printing inks. 

(2) There appeared to be little or no tendency for the 
structure to build up again, at least in a time of the order 
of that taken for an experiment, since an up-curve was always 
displaced towards the speed axis relative to a previous down- 
curve. This was later confirmed by the fact that after break- 
down had occurred in a paste, a period of rest of the order 
of 5 to 10 min did not result in an increase in torque at a 
given speed. 

(3) All the curves when extrapolated intersect approxi- 
mately at a point on the torque axis, indicating that there is 
little or no change in yield value during breakdown. 

The main experiments on the breakdown were in measuring 
the torque as a function of time at constant rate of shear. 
After the filling procedure described above, the outer cylinder 
was started at the chosen speed and readings of the deflexion 
of the inner cylinder were taken every few seconds, and later 
every ten or twenty seconds until the torque reached a constant 
value. Results were obtained for speeds from about 200 to 
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Fig. 2. Breakdown curve for 0:30 W/C paste at 
386 rev/min 


(Calibration constant 5:82 x 103 dyn. cm/mm.) 


500 rev/min (about 150 to 360 reciprocal seconds average rate 
of shear). In every case (except when trouble was experienced 
with friction in the bearings of the inner cylinder and the 
results were rejected) the curve was of the type shown in 
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Fig. 2 where the torque decays at first rapidly and then more 
slowly, from an initial value Ty to an equilibrium value Ty. 
The whole process occupied a time of the order of 2 to 3 min, M 
By plotting the torque (or deflexion) logarithmically it can Q 
be shown that the experimental points show good agreement 9 
with the equation | 
T = Tz; +(T) — Tz) exp (— Bt) (yy) 
where T is the torque at time ¢. The numerical value of B, i 
as determined from the’ slope of the line, was found to} 
increase with increasing rate of shear, as illustrated in Fig. 3a8 
Values of Ty were obtained by extrapolating back to zero# 
time, and when these values were plotted against w a good $F 
straight line was obtained. at 
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Fig. 3. Logarithmic breakdown curves for 0:30 W/C P 


paste 4 
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The logarithmic formula given by Weltmann) for thixo- | 
tropic breakdown with time, at constant rate of shear, does} 
not fit the experimental results, particularly for small values i 


of time. In addition, her equation gives no meaning to values |} 
“| 


of fort —Oland +t =e: a I 


THEORY : a 


Equation (1), which was first obtained empirically, may be} 
obtained theoretically as follows. =| 
The work done in a rotation viscometer in a small time dt | 
is 2mwTdt where w is the speed of the outer cylinder in| 
rev/min. Therefore, in a time ¢t the total work done is | 


t af 

w= | 27wT . dt | 
0 “aE 

| 

(b) breaking the structure; and (c) keeping the structure t 
broken. ay 


The rheology of Portland cement pastes 


jlt may be assumed that the work in keeping the structure 
l ken is negligible, i.e. there is little or no tendency for a 
puilding of the structure to take place. It has been shown 
joerimentally that this is at least approximately true for 
ment paste, during a time of the order of that required for 
| experiment, and it is thus necessary to consider only 
hms (a) and (5). 
!At a constant rate of shear the torque decays from an 
tial value T to a final value T;. This torque T;, may be 
P arded as being independent of the “breakable structure” 
d as being that part of the torque used in overcoming 
jrmal viscous forces. Hence the work done against viscous 
ices in time ¢ is 


t 


Wy = | 2nwTp. dt (3) 
0 


‘Suppose that the structure consists of some type of linkages 

that the torque in excess of the “viscous torque” is at 

'y time proportional to the number of linkages still existing, 
n 

T — Tr =Z( — n) (4) 


zere NM is the number of linkages originally existing, 7 is 
& number broken at time ¢, and Z is a constant at constant 
#= Of shear. Z will be dependent on rate of shear and may 
- written as f(w) and therefore 


‘ 
i 


Loree Gat no) () 


»he work done in breaking one link is 4, the work done in 
#aking n linkages is nd or 


| 


no) © 
ding equations (3) and (6) and equating to equation (2) 


| 2nwTdt = — eae 


0 


t 
— ny) + | QnwT,.dt (7) 
0 


d on differentiating 


27Two = p gE. 


— f(@) dt * 
ine solution of this equation may be put in the form 


T — Ty = (Ty — Tg) exp [—27w . f(w) . t/] (9) 


| cre 75 when t.— 0: 


27T yp. w (8) 


Equation (9) is identical with equation (1) if 
— B=[27a.f(@)]/¢ (10) 
Ine function f(w) was originally supposed to be equal to 
xv(6-7) but a better form may be deduced empirically as 
\llows. Whenn = 0, T = T, and therefore from equation (4) 


Tee f(a (11) 


ihe experimental values of Ty) and 7; when plotted against 
| give straight lines which intersect at a point (w,, T); 
|, for each W/C ratio being approximately 80 rev/min. 
i 

ence 


Ty — Ty = kw — @)) 
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(14) 


where k is a constant. Therefore 
f(@) = (k/Np)(w — w) (15) 
and finally 
B= (27k/ngp)w(w — a) (16) 


This indicates that B is a linear function of w(w — w)). 
Fig. 4 shows that the experimental points conform fairly 
well to this prediction, when it is considered that each point 
is the result of a completely separate experiment on a variable 
material. The slopes of the lines in Fig. 4 should show the 
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Fig. 4. B plotted against w(w — w,) for various W/C 
ratios 


The lines shown were calculated by the method of least squares. 


variation of @ with concentration of paste, but the present 
results are not sufficient for any conclusions to be drawn. 
Further work is being done on this and it is thought that 
modifications to the instrument will allow the scatter of 
points on graphs such as Fig. 4 to be reduced. The existence 
of the intercept on the graph is not explained. 
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X-ray emission spectroscopy with electron excitation covering 
elements ,Be—,..U 


By G. L. MACDONALD, M.A., B.Sc., and M. G. Harwoop, B.Sc., A-Inst.P., Material Research Laboratory, 
Philips Electrical Ltd., Mitcham Junction, Surrey 


[Paper received 4 January, 1955] 


A plane glass optical diffraction grating has been used to disperse characteristic X-rays, of 
wavelengths 5-200 A, produced by electron bombardment of materials. 
electron as opposed to an X-ray source for the analytical determination of the elements by X-ray 
It is shown that almost any element throughout the periodic system 


spectroscopy are discussed. 


can be detected with one photographic exposure, using K, L, M and N radiations. L 

heavy elements are recorded with equal facility. X-ray spectroscopy and electron diffraction 

have been combined to produce simultaneous elementary and compound analysis. The particular 
advantages of the method for the identification of surface films are noted. 


In spite of the recent rapid advance in the use of X-ray 
emission spectroscopy for the analysis of the elements, little 
use appears to have been made of electron, as opposed to 
X-ray, excitation since the pioneer work of von Hevesy.” 
Castaing®?: 9) and Guinier®) have recently combined electron 
microscopy and X-ray spectroscopy for metallurgical studies 
and cover elements 4 Ti-33Zn and 5;Cs-z5Re, but a more 
general application of the method does not seem to have 
been reported. 

Another comparatively untouched. aspect of the subject 
concerns the detection of elements of atomic number lower 
than ,,Na. Several workers have employed ruled diffraction 
gratings for the detection of very soft X-rays while determining 
wavelengths or studying the electronic structure of materials. 
Siegbahn™ was one of the pioneers in the former field, while 
the latter has been advanced by workers including Skinner, 
and Piore, Harvey, Gyorgy and Kingston. The application 
of such diffraction to the analysis of the elements, however, 
does not appear to have been carried out. 

It is the purpose of this paper to describe investigations 
into some of the possibilities of electron excitation, and to 
show how almost all the elements in the periodic table can 
be potentially covered with one photographic exposure by 
means of a. ruled diffraction grating. The combination of 
X-ray spectroscopy and electron diffraction is also discussed, 
particularly with reference to the detection of surface films. 


THEORY 


The range of wavelengths hitherto employed for X-ray spec- 
troscopy (0: 1-10 A approximately) can readily be dispersed by 
utilizing the three-dimensional diffraction gratings of crystals. 
The spacing of the atomic planes used, however, must be at 
least half that of the longest wavelength to be detected, and 
it is difficult to obtain large stable crystals with a lattice 
parameter much greater than 10A. On the other hand, 
ruled gratings giving two-dimensional diffraction are usually 
employed for the dispersion of wavelengths much longer than 
X-rays. It is therefore necessary to consider the special 
conditions required if X-rays are to be dispersed by the latter. 

For X-rays, unlike visible electromagnetic rays, materials 
in general have indices of refraction just less than one. In 
order, therefore, to achieve reasonable intensity of reflexion, 
it is necessary that the rays should strike the grating at a 
glancing angle, less than the critical angle for total reflexion 
(@.). When the reflecting material has no electrons of natural 
frequency of vibration close to the wavelength under con- 
sideration, this critical angle is proportional to wavelength 
and increases with the atomic numbers of the elements 
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Advantages of an 


Light and 


involved. Compton and Allison” give a theoretical equation | 
and a comparative table of a few calculated and observed \y’ 
values. Table 1 based on these gives an idea of the critic 
angles for various materials. 


Table 1. Total reflexion angles 

fee pe (eps 
Al 13 0-15 
Cr 24 0:24 ¥ 
Ni 28 0:28 | 
Ag 47 OL29 | 
W 74 0:37 | 
Re 18 0:39 4 
Au i O37 3 

“ 
Glass 0-15 = 
Calcite 0-15 : ‘ 


4 

It can be seen that the practical difficulties of grating 4) 
dispersion increase with decrease in wavelength. This fact 
determines, to some extent, the short wavelength limit of | it 
system such as described here. a i 

A completely different consideration determines the long {¢ 
wavelength limit. The characteristic spectra used in X-ray | 
spectroscopy with crystal dispersion (0: 1-10 A approximately) | 
are simple, and since they arise from inner electron shells, 
their wavelengths are largely unaffected by changes inj 
chemical combination of the elements. X-ray spectrograms 
can, therefore, be interpreted much more readily than their }; 
optical counterparts. In general, however, the longer the ; 
wavelength, the less well screened are the shells giving rise 
to X-rays, and the greater the wavelength differences and |) 
changes in line profile which occur with different states of | 
chemical combination. This is liable to cause uncertainty in 3 
the assigning of a given line to its appropriate element for | 
wavelengths longer than about 200A. | 
Fig. 1 shows that for every element heavier than ,Li at) 
least one Ka, La, Ma, or NYUOYV line occurs between 5A¥ 
and 120A. A system capable of dispersing and detecting | 
lines between these limits can, therefore, be used for element- i 
ary analysis. Since, with a ruled grating, the dispersion, when | 
considered in terms of distance between lines from adjacent } 
elements (Fig. 1), is lower at 5A than at 100A, it was con-} 
sidered desirable to increase the range under consideration } 


to 200A. This allowed two lines from many elements to | 
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pear, and increased the certainty of detection and correct 
erpretation. 

. ith a glass grating the angle of incidence required to 
Hlect 5A wavelength is 0-75° or less (Table 1). For 10A 
: critical angle is 1-5°. This latter would have been more 
invenient, but Fig. 1 shows that lines of wavelength con- 
jerably longer than 200 A would, of necessity, have to be 
torded if all the elements were to be included. As men- 


ed above, this was felt to be undesirable. 
Wavelength (A) 
G22 50 IOCO__ISO_ 200 
ENang 
8 % 
5 : 
= as 
Now 
[ Th 
SEAS Se a ee” Re SY 
Angle between diffracted beam 
and zero order (°) 
‘Fig. 1. Dispersion by plane grating of chief X-ray lines 


| 5-200 A (571 lines per mm; angle of incidence, 0-75°) 
| 


'Concave gratings are normally used for soft X-ray work 
lit present serious problems for wavelengths as short as 5 A. 
ble 2 makes a theoretical comparison of plane and concave 
atings and lists some of the practical considerations arising 
erefrom. 

The figures in part one of Table 2 are taken from papers 
' Petrie,®) Bisacre,®) and Mack, Stehn and Edlen.“ 
sacre,®) in a mathematical analysis of the diffraction of 
rays by a plane grating, shows that focusing can be obtained 
ith a plane grating if the width is correctly chosen. A 
incave grating, focusing according to Rowland’s principle, 
ks certain aberrations which are considerably reduced by 
le choice of an optimum width calculated by Mack, Stehn 
ad Edlen.©® This width for both types varies according to 
hvelength, but for the concave grating is always six to nine 
mes greater than for a plane grating. This means that the 
{solving powers and intensities are in much the same ratios. 


| only 27 at 5 A. At these wavelengths, therefore, the slit 
nd not the grating determines the instrument’s resolving 
wer. 

\In other respects the plane grating appears to have 
Hvantages for the present purpose. Its dispersion below 
R A is greater than for the concave grating and Fig. | shows 
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Table 2. Comparison of plane and concave grating properties 


Description WA) Plane grating Concave grating 


Number of lines per 


mm 571 aA 
Optimum width(mm) 20 0-725 5 (approximately) 
Theoretical resolving “es 

power 20 670 4600 
Relative intensity 20 1 | 
Dispersion A/6A 5 1200 900 
(SA for 0:004 mm on? 20 2800 2900 

plate) | 100 6600 10300 
No. of lines possible 

in practice per mm 1 800 1 200 
Difficulty of mount- moderate Very considerable, 

ing for 0:75° angle requires large rad- 

of incidence ius of curvature 
Precision required for 

slit moderate moderate 
Precision required for 

grating mounting moderate considerable 
Precision required for 

detector mounting none considerable 
Angle of incidence on 90° approxi- glancing 

photographic plate mately 


(if used) 


that this is the region where higher dispersion is desirable. 
The number of lines per millimetre affects the dispersion 
generally, and the small plane gratings of 1800 lines per mm 
ruled by Siegbahn and Magnusson“!) are probably more 
closely ruled than any concave grating. Finally, the practical 
difficulties involved in constructing and using a concave 
grating spectrograph with a 0-75° angle of incidence are 
considerable, while a plane one provides only moderate 
problems. For the present, therefore, it was considered that 
the intensity difference between the two types was outweighed 
by the other factors involved and a plane grating was used. 


EQUIPMENT 


General. The equipment consisted chiefly of an electron 
diffraction unit and a spectrograph originally intended for 
crystal dispersion. Most of the essentials are shown in the 
schematic diagram of Fig. 2. The electron beam was focused 
by a permanent magnet lens on to the specimen holder (a), 
shown in section, which could be viewed through a lead glass 
window (w). X-rays produced at the specimen passed through 
a vacuum “‘cut-off”’ (c) and slit system (s; 2) on to a plane ruled 
diffraction grating (g). The dispersed rays were recorded on 
a film mounted in a cassette (f), or on a plate in a plate- 
holder (A). / 

Electron beam and specimen holder. The electron beam 
was operated at 30kV and 0:5-3:0mA. For the shortest 
wavelength in use, 5A, the excitation potential is about 
2:5kV. Above two or three times this value, the intensity 
of the spectral line ceases to be proportional to the square 
of the increase in voltage and approaches a limiting value. 
A 10 kV maximum would therefore have been ample, but the 
lens in use, designed for 50 kV, did not permit of focusing 
on to the sample at a lower value than 30kV. This voltage 
was therefore temporarily accepted. The focal spot was 
usually maintained at about 5 x 2 mm, with the longer axis 
pointing towards the spectrograph. 
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In order that the highest power should be used, compatible 
with the non-destructive nature of the testing, it was necessary 
to arrange for cooling of the specimen. Two concentric brass 
tubes, led in through a double Wilson seal and brazed into 
a rectangular block (a, Fig. 2), allowed water to flow close 
to the specimen. Sylphon bellows (5,) and associated tilting 
screws permitted adjustment of the specimen position. A 
small aluminium clamp gave rapid heat conduction from the 
top of the sample and provided easity recognizable X-ray 
lines when it was necessary for it to protrude into the electron 
irradiated area. 


Fig. 2. Schematic diagram of equipment 


Vacuum “‘cut-off.’ The electron diffraction unit and the 
spectrograph were connected by means of a brass cylinder 
(c, Fig. 2) with an axial hole of 3 in. diameter and a trapezoidal 
central chamber. This permitted a triangular block to be 
pressed against a rubber O-ring by a shaft through a Wilson 
seal, or retracted, allowing free passage for X-rays through 
the central hole. The two main faces were lapped and held 
by low vapour pressure grease to the spectrograph bellows 
(6) on one side and the electron diffraction unit on the other. 
A cellophane window sealed into the triangular block made 
it possible for the harder X-rays to pass through the ‘“‘cut-off”’ 
even when the two units were, for vacuum purposes, separated 
from one another. 

Slit system. A broad slit (s,), set in the spectrograph 
entrance, cut down scatter from the “cut-off” and bellows. 
The controlling slit (sz), being originally intended for the 
higher dispersion of normal crystal methods, did not give very 
satisfactory results if reduced below about 0:1 mm. This 
width was therefore the one most commonly used throughout 
the experiments. 

Grating. A plane glass optical grating ruled with 
571 lines per mm and approximately 3 mm in width was used. 
It was mounted (Fig. 2) close to slit (s,) to receive high incident 
intensity, and as far as possible from the detector (f, A) to 
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provide high dispersion. It was fixed to a rotatable bra s 
block, which had an arm projecting over a scale to allow 
small changes in angular setting to be measured. 


EXPERIMENT 


preferred. Fig. 3 shows the relative sensitivities of Industrial 
G film and Q3 een for molybdenum La (5:4A) and | 


Exposures varied from ‘ 


4 


used throughout the experiments. 
15 min for major constituents to 180 min for trace elements, |) 
Evacuation. A pressure of 10~4mm of mercury was W / 
maintained throughout the system and appeared adequate, 
The use of a continuously evacuated path for the X-rays from (c 
specimen to emulsion led to an initial high background | 
density which was found to be due to secondary clectromial 
from the specimen. The placing of a small magnet on the- 
spectrograph bellows (b, Fig. 2) deflected these so that they a 
did not enter the spectrograph. 
Source. In order to determine very approximately the 
relative intensities produced by X-ray and electron excitatiot ab 
respectively, a few experiments were carried out with a sealed- 4 fi 
off X-ray tube (manufactured by the North American Philips - 
Co. Inc.) with a W target. The power was 40 kV, 20 mA, | \ 
and the beam was directed through a thin cellophane windo y {3 
on to the specimen which was in vacuum. The specimen wa ee ; 
mounted at a small angle to the slit system and at a distance } 
from it comparable with that used throughout the electron | 
source experiments. In every case, exposures of the order 
of ten hours were required to produce just visible lines, as’ } 
opposed to the few minutes to establish the same film density | 
when an electron beam of only one-tenth the power was used. | 


S f 
RESULTS / 


Work was concentrated on the qualitative detection and | it 
identification of the elements involving if possible the st | 
of the periodic system. The owes points were established. oD 


Fig. 4 shows O, C and Be K lines. 


(6) That all elements except the lightest could be detected 
Fig. 3 shows an overlap between the L and M series. | 
Fig. 5 shows an overlap between the K and L, and the | 
M and N series. =I 


(c) That light and heavy elements when present in ‘similar _ 
atomic percentages gave lines of the same order of | 


intensity. Fig. 5 shows lines from a lead sulphide | 
sample. 


Fig. 1 shows the elements which have actually been detected, y 
the horizontal dotted lines indicating where X-rays from two 
different series but from the same element have been registered — a 
on the same plate. In addition it was confirmed that X-ray 
spectrograms and electron diffraction patterns could be | 
recorded simultaneously. 
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DISCUSSION 


Whe desirability of maintaining the specimen without 
jerioration places a limitation on the power of the electron 
am and therefore on the intensity of the X-rays produced. 
le more effective the cooling is, the more the power can be 
jreased, and the temperature maintained at a reasonably 
v level. Several ways of achieving this are being considered, 
uid air cooling or rotation of the sample being among them. 


(a) 
(0) 
123 iee2 354) 5°6 7 8.9 order 
3 3 
a Pee 
° ° 
Pz = 
Hvig. 3. Radiation from a molybdenum sample recorded 
| on (a) Industrial G film; (6) Q3 plate 


3 
Ms 
cA) 


O 
G 
B 


Fig. 4. Radiation froma carbon-contaminated beryllium 
oxide sample 


Fig. 5. Radiation from a lead sulphide sample 


{Other factors also affect the final intensity of the X-ray 
vectra. For instance, a large intensity increase could be 
ibtained by reducing the distance between the specimen and 
e slit (at present 20cm). As mentioned earlier, little gain 
| intensity is obtained if the voltage is increased to more 
an a few times the excitation potential. Since soft X-rays 
'e being used it is, therefore, advantageous to raise the 
irrent and lower the voltage to about the previously sug- 
sted value of 10kV. This allows the use of simpler elec- 
ical equipment than is normal for X-ray work. 

| Grating dispersion does not, of course, preclude the sub- 


tution of an X-ray source for the electron beam used here, 
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if decomposition or contamination difficulties are likely to 
arise. It seems probable, however, that fluorescence coef- 
ficients will be extremely low for wavelengths greater than 
5 A and that exposure times will be correspondingly increased. 

The long wavelengths employed make it necessary that all 
samples should be examined in vacuum. With other X-ray 
spectroscopic methods only elements lighter than about 
16 (Ka = 5-4A) require this condition. 

If quantitative analysis is considered the electron beam again 
offers an advantage~over the X-ray source. Very approxi- 
mately, the former has a penetration one-twohundredth that 
of the latter. Absorption corrections, necessary with X-ray 
bombardment, should, therefore, be eliminated to a large 
extent. Also it should be much easier to detect a small 
quantity of a light element within a matrix of a heavy element. 

Little is known as yet about changes in intensity of lines in 
the region considered here with changes in state of combina- 
tion, but it seems likely that quantitative measurements will 
be possible to a fair degree of accuracy. At present, the 
plates used can be subjected to microphotometer measure- 
ments, but direct-reading instruments, such as very thin- 
window Geiger counters, or, more probably, photomultipliers, 
can clearly be employed to advantage. 

The low penetration affords considerable opportunity for 
the detection of surface films, a fact which is already utilized 
in electron diffraction studies. Difficulty often occurs in the 
identification of electron diffraction patterns from films of 
unknown composition, since layers of only a few molecules 
thick, at times possess abnormal crystal structure. In such 
cases, a knowledge of the elements present would be of con- 
siderable value. Many films which fail to provide electron 
diffraction patterns, because the surface roughness is not of 
the right order or because the material is amorphous, may 
still be subjected to elementary analysis. 

It is possible, as Karlsson“*) has done, to use organic 
crystals with large lattice parameters, for the dispersion of 
soft X-rays. It seems likely, however, that the difficulties in 
preparing and maintaining such crystals would make their 
use impracticable for routine analysis. Ruled gratings, on 
the other hand, can readily be obtained and are very stable 
indeed. In addition, the two-dimensional character of the 
diffraction obviates the necessity for oscillation of the grating. 
With photographic detection, therefore, a stable source is not 
required for quantitative work. Since all the lines are being 
recorded simultaneously throughout the exposure, their 
relative intensities remain constant whatever the intensity of 
the source. 

The wavelength region used seems to offer considerable 
advantages over the more normal one. Not only can most 
of the very important light elements be detected, but one 
comparatively short exposure is sufficient for the detection of 
all the elements in a sample of unknown composition with 
the exception of hydrogen and, possibly, lithium. 

The dispersion and resolution obtained throughout these 
experiments were sufficient to show the practical possibilities 
of the method, but improvements could readily be effected 
to allow for more accurate analysis, and work is in hand with 
this end in view. 


CONCLUSIONS 


An electron source has been employed for X-ray spectro- 
scopic analysis. For most samples, when used with care, it 
can be as non-destructive as an X-ray source and provides 
considerably higher intensity than the latter. The low 
penetration of electrons reduces ““masking’’ of light elements 
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by heavy ones, permits the detection of elements in surface 
films and should diminish the difficulties of quantitative 
analysis. This type of source allows an electron diffraction 
pattern and an X-ray spectrogram to be recorded from the 
same sample, giving simultaneous compound and elementary 
analysis. 

A small plane grating has been used successfully in the 
region 5-200 A for the dispersion of spectra from elements 
throughout the periodic table from ,Be upwards. Only one 
photographic exposure is required. 
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A two-state light activated circuit element using germanium 
By J. W. GRANVILLE, Ph.D., Radar Research Establishment, Great Malvern, Worcs 
[Paper received 2 February, 1955] 


A new germanium photo-switch with two stable states is described, each state being set by 
illumination of one or the other of two small germanium bars. 


Germanium has been used to make a circuit element which 
has two stable states, each state being activated by a light 
beam. The device utilizes the double-base diode action.* 
To understand how the device works it will be helpful to 
describe first the action of the double-base diode. 

The double-base diode consists of a rectifying contact on 
a bar of n-type germanium which carries non-injecting con- 
tacts at its ends. A sweep voltage V, is applied to the bar 
as shown in Fig. 1, In these experiments, the rectifying 


+ Ks 


€ 


Schematic diagram to illustrate double-base 
diode action 


Fig. 1. 


contact was a point-contact diode. Let the potential in the 
bar at the point contact be V when the point is returned to 
the negative sweep terminal through a bias V.. If Vix V 
the diode is biased in the reverse direction. Increasing V. 
so that it just exceeds V biases the diode in the forward 
direction. Holes are injected which drift into the right-hand 
region towards the negative sweep terminal and the con- 
ductivity of this region relative to that of the left-hand region 
is increased. The potential distribution in the bar is then 
no longer uniform and the potential at the point contact 


* Supa, R. F. (Ed.) Principles of Transistor Circuits, p, 466, 
(New York: John Wiley and Sons Inc., 1953). 
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falls below V. This biases the diode further forward, the- 7 


i 
Be 


Voltage (V) 


Fig. 2. Voltage-current characteristics of a double-base 
diode for different sweep voltages | 


41015 19) | 


_. “ Current (mA) 


5 


lative. As a consequence, the voltage-current characteristic 
of the diode has a negative resistance region in the forward _ 
direction as shown in Fig, 2. a 


THE TWO STATE PHOTO-SWITCH 


The photo-switch consists of two bars of germanium, R, | 
and R>, with non-injecting end connexions and joined } 
together as shown in Fig. 3. Near the positive terminal of 
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. is a point-contact diode which is connected to the negative 
Heep voltage terminal through a bias voltage and a load R,. 
idently, this arrangement will show double-base diode 
tion also. 


n-type Ge n-type Ge 


h aL 
constant 


! ig. 3. Schematic diagram of the two-state photo-switch 


i 

HD ouble-base diode action occurs when the conductivity of 
ict of the germanium bar is increased by carrier injection. 
H »wever, the conductivity of the bar may be equally well 
ereased by illuminating the surface. This equivalence of 
Bit and contact injection is the basis of the action of the 
jjo-state photo-switch. The operation of the photo-switch 
kv best be understood with the aid of the schematic diagram, 
=, 4. Let curve OAB be the static characteristic of the 
ide for the given sweep voltage and let the applied bias 


I 


>») 
Me, 
Oo 
ow 


NS 
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| S 
\Fig. 4. Schematic voltage-current characteristics used to 
explain the operation of the photo-switch 


4 such that the diode is working in the reverse direction at 
: operating point X,. RS is the load line determined by the 
jistance in the diode circuit. When bar R, (Fig. 3) is 
hminated, its conductivity is increased and the voltage drop 
oss the bar is reduced. This has the same effect on the 
bde characteristic as a decrease in sweep voltage and hence 
» characteristic moves to the left, taking up a new position 
ren by the curve OCD. This displacement is a function 
| the light intensity. Double-base diode action occurs 
id the operating point switches over to X>. When the 
! t is removed the original characteristic is resumed and the 
lerating point moves to X, which, being on a positive slope 
\the characteristic is a stable operating point and the diode 
lnains conducting. This is the ‘‘on’’ state of the photo- 


VoL. 6, May 1955 


switch. The load resistor R, increases the positive slope of 
the diode characteristic and provides a current limiter. 
However, it must not be so large as to cancel out the negative 
resistance region. The device is turned off by illuminating 
bar R, (Fig. 3). The diode characteristic then moves to the 
right to take up a position such as curve OEF. This curve 
is not intersected by the load line in the positive quadrant 
and the diode switches back to its non-conducting state. 
Thus, illumination of bar R, gives the “‘on” state and illu- 
mination of bar R, gives the “off” state, both states being 
stable when the light is removed. Provided that the light 
intensity is sufficient, it is not difficult to set V., Vs and R, so 
that switching action occurs. The speed of response of the 
photo-switch is of the order of the transit time of injected 
holes along bar R). 

In principle, a single bar of germanium with the point- 
contact near its centre could be used for the photo-switch 
instead of two separate bars. However, it would then be 
necessary to ensure that the holes generated in the R, section 
by illumination recombined before reaching the R section. 
If, instead of recombining, they were swept into the R) 
section the photo-switch would not turn off. The holes 
will recombine only if the germanium has a region of high 
recombination velocity just before the diode contact. The 
best region of high recombination velocity is a metallic 
conductor. Thus two separate bars with soldered end 
connexions and joined by a wire are necessary. 

The optimum conditions to achieve maximum sensitivity 
of the photo-switch have been calculated and are as follows: 


(1) the resistivity of the germanium should be as high as 
possible; 

(2) the minority carrier liftime should be as long as possible; 

(3) a constant voltage sweep source is necessary; 

(4) the sweep voltage should be as large as possible, the 
limit being set by self-heating of the bars; 

(5) R, should equal R3; 

(6) there should be negligible end injection into R, or Ro; 

(7) ifaspot of light less than the lengths of the bars is used, 
the regions nearest the positive terminals should be 
illuminated. 


In the experimental arrangement, 40 (2 cm 80 ys lifetime 
n-type germanium was used in bars of dimensions 1-5 x 0:5 
x 0-5 mm. With the voltages and R; set to give maximum 
sensitivity, at least 5mW of radiation were required to 
activate the device. At maximum sensitivity, some typical 
circuit values were R, = 1000 2, diode-bias supply = 9 V, 
sweep voltage = 15 V, sweep current = 2 mA and the diode 
current in the ‘‘on” state = 0:5 mA. 


CONCLUSIONS 


The stability of the two states of the photo-switch suggests 
its use as a digital store. The device could also be used as a 
switch for gating a signal with a light beam. This is possible 
because the ratio of the a.c. resistances of the diode when 
switched from its high back resistance to its low forward 
resistance is of the order 1000 : 1. 
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An analogue study of the temperature distribution in cooled 
gas-turbine blades 
By C. F. KetrLesorouGH, Ph.D., A.M.I.Mech.E., University of Melbourne, Australia 


[Paper first received 30 September, and in final form 9 December, 1954] 


A rapid method is described for determining the temperature distribution in cooled gas-turbine 
Numerical results agree very closely with those obtained by more laborious methods. 


blades. 


LIST OF SYMBOLS 


A, = area of actual blade controlled per electrode. 
Ay = area of model blade, immersed in electrolyte, controlled 
per electrode. 
E = potential. 
ho = surface coefficient of heat transfer between gas and 
blade. 
h, = surface coefficient of heat transfer between blade and 
coolant. 
k = thermal conductivity. 
M = ratio of size of model to size of blade referred to linear 
dimensions. 
n = direction normal to the boundary. 
Ro = electrical resistance representing heat flow resistance 
at the gas-blade boundary. 
R, = electrical resistance representing heat flow resistance 
at the blade-coolant boundary. 
T = temperature. 
p = resistivity. 


Suffixes B = blade. GM = maximum gas. 
G = gas. LM = minimum liquid. 
L = liquid. 


INTRODUCTION 


Thermodynamic analysis of the simple gas-turbine cycle 
shows that substantial increases in power and economy can 
be obtained by increasing the temperature of the working 
fluid at the turbine inlet. The utilization of increased turbine 
inlet temperature can be achieved by the development of 
suitable heat-resistant materials or by the use of turbine blade 
cooling. The latter method represents the more immediate 
and positive solution. The gas-turbine blade cooling problem 
has been more fully discussed elsewhere.“!>) 


HEAT FLOW EQUATIONS 


The equation governing the temperature distribution in a 
body, assuming a constant value of the coefficient of thermal 
conductivity, and the equation governing the potential distri- 
bution in an electrolytic tank of constant depth both reduce 
to Laplaces’ equation, and hence the potential distribution is 
proportional to the temperature distribution, provided the 
shape and boundary conditions are satisfied. 

In the turbine blade, the boundary condition states that the 
heat flow across the boundary layer by conyection is equal 
to the heat flow by conduction into the blade. 


Hence OT,/dn = (Ao/k Tg — Tp) (1) 
at the outer boundary between the gas and blade and 

Tpldn = (y/k\(Tz — Ty) (2) 
at the inner boundary between the blade and coolant. 
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THE ELECTROLYTIC TANK ANALOGY | 


For an electrode immersed along the boundary of a 
electrolyte, continuity of current flow across the oute 
boundary gives: i 


dE,/dn = (p/ApRo)(Eg — Ex) 
Comparing equations (1) and (3), the boundary resistance 
Ry = (pk/Apho) 
Similarly, at the coolant passage boundary | 
dE,/on = (p/ApR (Eg — Ep) (4) 


6) | 


and 
R, — (pk/A phy) 


Fig. 1 shows schematically the circuit for constant gas and 
coolant temperatures. ei 


= (Eq-E;.) 


Ro 
surface of 
cooling duct electrolyte _ 


Bas ae 
7 Ye : 
Sa 


V 
Ro 


surface of blade 
(electrolytic tank boundary) 


Fig. 1. Schematic diagram of electrolytic tank and circuit 

By tying down the boundary resistances R, to zero potential, 
all temperatures, and hence potentials, are reduced throughout | 
the system by 7; and E, respectively. The supply voltage V ) 
is then equal to (Eg — E,) which is proportional to (Tg — Tj). || 

The tank was built with linear dimensions 20-6 times larger} 
than the original blade considered. The periphery was 67 in. ; 
and divided into inches, this being the effective width con- | 
trolled per electrode. Hence the length of the periphery — 
controlled per electrode in the model is 20-6 (= M) times the | 
equivalent length in the actual blade. As the tank gives a | 
two-dimensional distribution only, the depth is of no} 
importance, hence: _ 


Ro = (pkKM/Ayy. ho) and Ry = (pkKM/A yh) ; 
see reference (3). | 
' Copper electrodes were glued in position around the ta k 


periphery, these being just slightly less than one inch wide so 
as to avoid short-circuiting. 
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An analogue study of the temperature distribution in cooled gas-turbine blades 


The distribution of potential in the electrolyte is determined 
| the usual manner using a cathode-ray oscilloscope as a null 
dicator.4 

| The set up as shown in Fig. | is satisfactory for the case of 
pnstant gas and coolant temperatures. This is not the case 


| practice, but can be accommodated by inserting a voltage 


ropping series resistance in each electrode circuit, At the 
uter boundary these resistances are used to establish 
ro — E,) voltages differing from the supply voltage which 
fs the value (Egyy — Ezyz). At the coolant boundaries 
ese series resistances establish values of E, greater than 
he minimum value. These resistances are adjusted relative 
| the maximum value of (Egy, — Ez) using the potentio- 
Heter bridge RyRy and the cathode-ray oscilloscope. 


EXPERIMENTAL RESULTS 


Constant gas and coolant temperatures. For comparison 


se turbine blade with variable film coefficients©) was con- 


Fig. 2. Lines of equal value of the ratio Ry/(Ry + Ry) 
for constant gas and coolant temperatures 


2000-F 


CF) 


Temperature 
O 
O 
O 


; coolant. boundary 


ae 


200! 
Fig. 3. Temperature distribution through blade trailing 
Constant effective gas temperature, 2000° F. 


section. 
Coolant temperature shown on each curve 
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The resistances in series with the Ry and R, resistances 
were all set at zero to give constant gas and coolant tem- 
peratures. Fig. 2 gives values of the ratio Ry/(Ry + Ry) 
and hence the voltage distribution in the electrolyte is given 


by [Ry/(Ry ae Ry)|V ca [Ry/(Rx ae Ry) (Eg aio) (5) 


To establish an actual temperature distribution, values of 
the actual gas and liquid temperatures have to be decided 
and hence the temperature at any point is given by 


[Ry/(Ry + Ry)] To — T) + Tr (6) 


The temperature distribution along line AB is shown in 
Fig. 3 for an effective gas temperature of 2000° F and for 
coolant supply temperatures between 0 and 2000° F. It can 
be seen that at the blade trailing end the coolant has a 
relatively small effect. 

Variable gas and coolant temperatures. n order to decrease 
the trailing section temperatures more coolant passages were 
provided (Fig. 4). The voltage dropping resistances were 
adjusted so that relative to the value of (7, cm — Lm), the 
actual value of (Tg — T,) decreased linearly from unity at 
inlet to 0-72 at exit. The value of Ry/(Ry + Ry) at the 
coolant sources were fixed at 0-315, 0: 168, 0, 0-028 and 0-056 
respectively as in Fig. 4, which also gives lines of equal value 


Fig. 4. Lines of equal value of the ratio [Ry/(Ry+Ry)] X 103 
for varying gas and coolant temperatures 


of Ry/(Ry + Ry). Any desired temperature distribution 


can be obtained from 
T = [Ry/(Ry + Ry)] (Tem — Trim) + Tim (7) 


For an inlet temperature of 2000° F and a minimum 
coolant temperature of 50° F the temperature distribution is 
given in Fig. 5. 


1453 °F 


2000 fs 


Temperature distribution over blade section for 
varying gas and coolant temperatures 


Fig. 5. 
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Temperature distributions along section PQ in the trailing 
section of the blade (see Fig. 4) for an inlet gas temperature 
of 2000° F and for a minimum coolant supply temperature 
increasing from zero upwards are shown in Fig. 6. Increasing 
the minimum temperature causes a general overall rise in 


2000 °F 


outlet gas 
temperature 


trailin 
edge i 


Temperature (°F) 


edge of first coolant passage 


Fig. 6. Temperature distribution through blade trailing 

section for different coolant temperatures. Inlet gas 

temperature, 2000° F. Minimum coolant temperature 
shown on each curve 


The orientation of fibres in an electric field 
By J. O. Isarp, B.Sc., M.A., A.Inst.P., Nottingham and District Technical College, Nottingham 
[Paper received 16 December, 1954] 


Fibres dispersed in a liquid are observed to turn into the direction of an applied electric field. 


“a 
7 { 


than for the simple case described previously. However, 
this is an unfair comparison as the trailing edge gas tem-— 
perature is less than that of Fig. 3. 

Still using the distribution of Fig. 4, a minimum coolant 
temperature of 200° F and an effective gas temperature at 
exit of 2000° F, the temperature distribution through the > 
trailing section can be determined. It was found that the 
tip of the trailing section was at a temperature of 1560° F- ' 
as compared with 1750° F for the case of constant gas and jj 
coolant temperatures as given in Fig. 3. The effective gas 7% 
temperature at the entrance to the blade was 2700° F. @ 


CONCLUSIONS 


An analogue method has been described which gives a_ . 
rapid solution to the governing equations. The examples Bt 
quoted give the magnitude of the decrease in blade tem- 
perature due to the passage of coolant through the passages. || 
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The effect is attributed to a difference of conductivity between fibre and liquid or, when both tt 


conductivities are very low, to a difference of dielectric constant. a 
might be used in microscopic examination of textiles. | 


A cell has been constructed by means of which short lengths 
of fibres may be observed under a microscope in an electric 
field. An alternating field is applied perpendicularly to the 
focal plane and the fibres rotate into the direction of the field 
so that they lie end-on to the microscope. By this means the 
transverse sections of the fibres can be observed rapidly and 
without the use of liquids or reagents which might cause 
‘swelling, and it is often possible to examine a given fibre both 
longitudinally and transversely, that is, before and after 
applying the field. It is thought that the method may be 
useful in the examination of fibres under the microscope, 
particularly for visual identification of fibres and for investi- 
gation of dye absorption. A description of the ceil is given 
in the present paper and the results which have been obtained 
are discussed in terms of the theory of dielectric polarization. 


DESCRIPTION OF THE CELL 


The microscope slide B (Fig. 1) has a hole 1 cm diameter 
drilled through it and is cemented to the slide A, forming a 
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It is suggested that the effect 


cell about 1 mm deep. The top surfaces of A and B and the 5) 
under surface of the cover glass C are coated with a trans- | 
parent electrically conducting film, so that a uniform field [ 
can be maintained across the cell by connecting the supply 


Fig. 1. 


Diagram of the cell 


to A and Bas shown. A convenient field strength is obtained | 
by using the 230V a.c. supply, in which case protective § 
resistances R are inserted to prevent damage by accidental 
short circuits. The fibres are turned parallel to the field so 
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at they stand perpendicular to A and are viewed end-on in 
2 microscope M. 

he semi-conductor tin oxide was used for the transparent 
inducting films. They were produced by exposing the 
lated glass to stannic chloride.“) The mechanical hardness 
id chemical durability of these films render them particularly 
itable for this application and films showing second-order 
-erference colours by reflexion, although nearly as trans- 
rent as glass, have sufficient conductivity to maintain the 
jld across the cell even when it is filled with imperfectly 
i ulating liquids. 

Fibres about $ mm long are dispersed in a liquid in the cell. 
uorter fibres can be used but the length must be greater than 
diameter. The best liquids have been found to be those 
| approximately the same density as the fibres, having a 
oderately high viscosity and high boiling point. For 
tance, wool fibres have been dispersed in a mixture of 
sraffin oil (medicinal) and pentachlorethane of density 1-32 
renoted below W-mixture). Unless the density is approxi- 
fately that of the fibres they tend to lie flat on the top or 
bttom of the celi and in this position there is no tendency 
| line up when the field is applied. A viscous liquid, such 
eesti oil, has been found to minimize swirling and 


D 


Rprove the conditions for viewing under the microscope, 
nt of course the viscosity must not be so high as to prevent 
ke fibres turning in a reasonable time. Volatile liquids have 
-en found unsuitable as bubbles may form in the cell during 
servations. The electrical properties of the liquid are 
«cussed below, where it is shown from theory that the 
enductivity of the liquid should be different from that of 
= fibres, except that if both conductivities are extremely low 
[. dielectric constants should be different. 


~~ 


EXPERIMENTAL OBSERVATIONS 


Experiments have been carried out on a wide variety of 
: res, including wool, Nylon, Terylene and glass, all of which 
ud been in contact with laboratory atmosphere at about 
}%1.b. All these fibres showed orientation in an alternating 
Id in liquids of dielectric constant ranging from about 
ito 40. Table 1 lists the liquids used with the measured 
electric constants at 1000c/s. The estimated dielectric 
pnstant of the glass used for the glass fibres is also shown. 


| 
able 1. Dielectric constants, k, and specific conductivities, 
| k 


6 (QOQ.m)-1 

raffin oil 2-16 ] 
arbon tetrachloride 2-30 
entachlorethane 3°69 less than 5-10~° 
”-mixture of (a) and (c) at | 
i density 1-32 g/cm? 2:98 5-4 
iniline (dependent on 
| sample) 17 2-10-5 to 5-10-6 
llitrobenzene (dependent 
jon sample) 30 to 40 10-4 to 10-5 

7:8 about 10~!° 


jlass 


lhe samples of aniline and nitrobenzene showed a variable 
pnductivity, evidently depending on the moisture content, 
thd the range of values found is given in Table 1. The other 
buids showed no conductivity on the bridge used so their 
iJues must have been less than 5-10-? (Q.m)~!. 

i, Alternating fields of frequencies 50 to 10000 c/s have been 
hed but no dependence on frequency has been observed 
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The orientation of fibres in an electric field 


within this range. In general, field strengths of about 
100 kV/m have been found necessary to obtain an appreciable 
effect; at less than 50 kV/m only a few fibres move, while at 
200 kV/m the greater proportion usually line up. No effect 
was observed if the fibres were dispersed in air (up to 
200 kV/m). However, the forces of adhesion between the 
fibres, and between the fibres and the walls of the cell are 
relatively stronger in air than in the liquids used, so that the 
absence of motion in the field is not conclusive proof of the 
absence of forces. In steady fields translational motions are 
observed, as well as orientation, and the fibres are more 
difficult to observe under the microscope. 


FORCES DUE TO DIELECTRIC POLARIZATION 


The orientation of the fibres takes place in an alternating 
field; hence the couple acting on the fibre must be an even 
function of the field strength. As this cannot arise from the 
presence of static charges on the fibres, the effect of dielectric 
polarization is considered. 

_ The problem of an infinite cylinder of permittivity «, and 
radius R lying at an angle « to an initially uniform infinite 
field E in a medium of permittivity «, can be solved exactly. 
Cartesian axes are used with Ox along the cylinder axis 
(Fig. 2) and E in the x—y-plane at « to Ox. Now the com- 


Fig. 2. Polarization of a dielectric cylinder inclined to 
an applied field E 


ponents of field parallel to the surface in the two media are 
equal at all points on the surface and div D = 0 everywhere; 
therefore the x component of the field is E cos a, both inside 
and outside the cylinder. On inserting the cylinder into the 
field the polarization is changed from P, = (e, — l)Ecos« 
to Py = (€, — 1)Ecos «, using rationalized units, and there- 
fore the cylinder is equivalent to a dipole strength p. per 
unit length where 


by = (€2 — €,)7 RE cos « (1) 


The y and z components of field can be obtained by treating 
the polarized cylinder as equivalent to a dipole strength », 
per unit length for points outside the cylinder, and assuming 
a uniform field ,£,, inside the cylinder. The potential field 
of an infinite line distribution of dipoles, ,, along 0x is given 
by py. y/27e\(y? + 2”). 

Therefore the complete potential functions are: 


d, = — Ecosa.x — Esina.y + [p,.y/2me(y? + 27)] 
(2 
oy = — Ecos a.x = 2Ey.y (3) 
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The boundary conditions for non-conducting media are 


b: = rand 


€0¢,/dr = €d¢,/dr at r=WV/Q?+y)=R 


Hence EF, = {1 — [ep — eq, + €2)] SE sin (4) 
and pty = (ey — e){1 — [len — ee + €2)] JRE sin & (5) 
The couple per unit length of the cylinder is given by 

G = p,Esin « — p,E cos « (6) 
taken as positive in the direction of « decreasing. 
Hence G = [(e, — €,)?/(e, + €2)]7 RE’ sin « cos « (7) 
Ge; G = [(k — ky)?/(ky + kp) Jeo R2E? sin a cosa (8) 


where € is the permittivity of free space and k,, ky are the 
dielectric constants. It is seen that G is proportional to E? 
so that it acts towards « decreasing in both alternating and 
steady fields. G is zero at « = 0 or 47, and a maximum at 
a =i. It is proportional to (k, — k,)? so that the cylinder 
turns parallel to the field whichever medium has the larger 
dielectric constant. Similarly, in magnetism, both para- and 
dia-magnetic bodies of elongated shape turn with their long 
axes parallel to a uniform field. 

The solution for a finite (long) cylinder in the finite field 
between two parallel plane conductors will differ from the 
solution for an infinite cylinder due to both the self-depolariza- 
tion parallel to the axis of the cylinder, and the image force 
in the conducting plates. The self-depolarization along the 
axis will reduce the magnitude of j, without altering the 
sign. In fact, the orienting couple depends on the difference 
of depolarization factor in the directions perpendicular and 
. parallel to the axis and is always towards « decreasing if the 
former is the greater; but no great reduction in the couple 
would be expected so long as the length is several diameters. 
On the other hand, the image force increases the magnitude 
of the couple. The couple on an infinite cylinder can be 
regarded as the resultant of the forces between each unit 
section and two infinitely distant plane parallel plates which 
are uniformly charged. The charge density on plates at a 
finite distance will be increased in the vicinity of the ends of 
the polarized cylinder, and therefore G will be increased. 

Most of the experiments were carried out on fibres having 
a length at least ten times their diameter, so that the correction 
for finite length was probably small. The distance between 
the conducting plates was usually three or four times the 
fibre length, so there may have been a considerable image 
force. Expression (8) for the couple on an infinite cylinder 
probably gives an underestimate of the couple acting on the 
fibres. 


Polarization of conducting media. If the two media have 
conductivities o, and o, and steady current conditions are 
attained, the current density J is given by oF and 


div J = divoE =0 (9) 
Hence the boundary conditions are 
$1 = $2 (10) 
odh,/dr = 02d45/dr (11) 
qs = €2d2/dr — €,d4,/dr (12) 


where q, is the surface density of real charges built up during 
the initial period of unsteady current. An approximate 
solution can be obtained for a long finite cylinder in an 
infinite field. In the y-z-plane the potential functions, 
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equations (2) and (3), are combined with the new boundary 
conditions, equations (10)-(12), giving 4 


by = [26 (02 — %)/(o2 + o,)|7R7E sin « . 


and 2B, = [20,/(o2 + o) JE sin « 


| 


HE 


' | 
ee /'ex 


Fig. 3. Polarization of a conducting cylinder, in a 3 
conducting medium, inclined to an applied field E 


charges. 


Gs = € EL — € 2E! = (e,09/01 — €)2E} 


If the cylinder is long it is a reasonable approximation tom al 


assume ,E! = ,£, = Ecos a throughout the whole cylinder, 
as it would be for an infinite cylinder; this approximation 
ignores the depolarizing field due to q,. 
the plane ends then give 


ds = (€{o2/0, — €)E cos « 


the resultant dipole in the x-direction is given by 


x» = (&) — 4) 7 RE cos « + (€,0,/0, — €2)7R2E cos 
= (€,/0;)(0, — o,)7R°E cos « 


G = p,Esin « — w,E cos a 
= [e(a, — 01)2/o,(o> + 0,)|]7R2E? sin « cos « 


by Fiirth@ for the couple on an ellipsoid, by assuming an — 
infinite axial ratio. 

The couple is seen to be independent of €, but proportional 
to the square of the difference of electrical conductivities, so 


(13) 
(14) } 


The equivalent dipole p, gives the effect in the surrounding }) 
medium both of the dielectric polarization and of the surface” i 


Parallel to the cylinder (Fig. 3) along the curved 5) 
surface yE, = ,E, while at the plane end o, ;E! = 02 2F} ang si 


The conditions at — | 


(16) } 


The dielectric polarization gives rise to a dipole moment i 
(€> — €,)7R2E cos « and the surface charges at the ends give jy 
rise to a total dipole moment g,7R? per unit length. Hence } 


and the electrical couple on the cylinder per unit length by — Q 


cis) f 


This equation can also be deduced from the expression given” i 


that the cylinder turns into line with the field unless o, = one 7 
When 0} s. oj, the first factor becomes €,0/c;, i.e. G becomes | 


very large; however, the approximate method of solution | 
ignores the depolarizing effect of g, on the fibre and q, becomesi “4 
very large when o, s o,. The formula is therefore unsatis- | 
factory for this condition. 
becomes simply ¢€,7R*E? sin « cos «. 


When 0 < o;, however, G | 


The order of magnitude of the time taken for the al 


charges to build up is given by e/o for the more conducting 
medium. Hence equations (9)-(18) are applicable for 


frequencies up to about o/e whilst equations (1)-(8) are 


applicable at higher frequencies, where no surface charges | 
are built up. : Fi 
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The orientation of fibres in an electric field 


COMPARISON WITH EXPERIMENTS 


| The vertical field strength, which will turn a fibre into the 
ertical position from an original inclination «, can be 
plculated. The gravitational restoring couple on a fibre of 
jngth /, assumed to have one end resting on the lower plate 
* the cell, is given by 47R?I?|p. — p,|g sin x, where p,, p> 
te the densities of the liquid and of the fibre. Using 
uation (8) for the electrical couple on the fibre, the condition 
r orientation becomes 


E? cos a > [(ky + ka)/(ky — k>)?].|p2 — pyllg/2€9 (19) 


rhile using equation (18) for the electrical couple, the con- 
jiition is 


12 cos a > [o,(o, + o)/ky(o, — 04)?].|p2 — pyllg/2€o — (20) 
for O07 < oj, the latter becomes 
E? cos « > [1/k,].|p2 — p;|lg/2€o (21) 


i 

The values of E obtained are not very sensitive to the values 
nosen for / and cos «; in the following calculations / is taken 
3 0:3 mm and cos « as 0:1 (« = 84°). The field calculated 
“ould therefore be sufficient to orient fibres which were 
itially at 6° or more to the horizontal. For the glass fibres 
#2e dielectric constant was estimated from the composition 
ls 7-8; values for the other fibres were not known. For the 
lass fibres o, < o; for nitrobenzene and aniline and probably 
~so for the W-mixture. Values of E have been calculated 
ior the glass fibres in these liquids from expressions (19) and 
71) using the above data and they are shown in Table 2 
iogether with the approximate experimental field strengths at 
hich appreciable numbers of fibres oriented. The values of 
ie = o/e for these liquids are also shown, and they indicate 

‘at expression (21) applies to the first two liquids at the 


hable 2. Field strengths (kV/m) necessary to orient glass fibres 


Experimental Calculated from Calculated from 


(at 1000 c/s) expression expression 
@ 1) f (c/s) 
n nitrobenzene | 100 355 250 10° 
in. aniline pee tO 62.000 570 10° 
n W-mixture | 200 960 810  <200 


| 
ixperimental frequencies of up to 10+ c/s. This is supported 
ly the observed orientation of glass in aniline at 200 kV/m, 
Vhich is over a thousand times less than that calculated from 
xpression (19) but only three times less than that calculated 
om expression (21). The exceptional value for glass in 
jniline given by expression (19) is due to the near equality 
if the dielectric constants and is very sensitive to any errors 
these, but the probable error is not sufficient to reduce the 
lalculated field by a factor of ten. With glass in W-mixture, 
|xpression (19) is expected to apply at frequencies greater 
han 200 but a changeover to expression (21) is expected at 
jome lower frequency; however, no significant change in the 
jalculated orienting field accompanies the changeover. All 
e appropriate calculated fields are greater than the observed 
jalues but those for W-mixture particularly so. This may 
t due to having neglected the image force in the calculations 
bf the electrical couple on a fibre. rgiee 
The data given by Hearle“) suggest conductivities of about 
} 
| 


40-5-for wool and 10-8 (Q.m)—! for Nylon at 65% r.h. For 
ool in nitrobenzene and aniline then, fibre and liquid have 
4 bout the same conductivity, ignoring any dehydration of the 
ibre by the liquid and consequent lowering of the con- 
lluctivity. However, it is unlikely that the conductivities will 
»e so nearly equal as to cause an exceptionally high value of 
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E from expression (20). Wool has a much greater con- 
ductivity than the other liquids of Table 1, which means that 
relatively low values of E would cause orientation. Nylon 
in nitrobenzene and aniline has o < o, and the calculated 
fields from expression (21) will be similar to those for glass 
in Table 2, differing only by the change of density factor, 
Pd pits which would reduce the estimated field. Probably 
in the other liquids used, Nylon has o, > 0,. It is not 
possible to apply expression (19) to other fibres than glass 
in the absence of precise data on the dielectric constant. 
Errara and Sack found the dielectric constant of dehydrated 
wool to range from 5:4 at 8 kc/s to 4:2 at 13 Mc/s but they 
reported a marked increase due to only 1% of moisture. 
New” and Murphy) found the capacity of cotton to 
increase very steeply with relative humidity at 1000 c/s and 
to decrease with increasing frequency, and Murphy suggests 
that the capacity is electrolytic in nature. These results 
suggest that the dielectric constant is high only if the moisture 
content is high, so that a much higher value would be expected 
for wool than for Nylon or Terylene at 65% r.h. 

In general, the theory outlined requires fields of 100 to 
1000 kV/m for most fibres in most liquids unless k, = kz 
fairly exactly and both conductivities are extremely low. The 
experimental fields are generally lower, but this discrepancy 
may be partly attributed to the neglected image force effects. 
However, another contribution to the couple on a fibre must 


~be considered which may become important for very fine 


fibres. When any body is immersed in any liquid, an electrical 
double layer,®) consisting of two concentric sheaths of 
oppositely charged electricity, is set up at the interface. Under 
the influence of an applied field there will be a displacement 
between the sheaths of charge, and, for a fibre, this displace- 
ment will be proportionately larger along the axis than per- 
pendicularly to it, since this involves only a shearing between 
the sheaths of charge and not a separation of them. The 
polarization of the double layer gives a positive contribution 
to y,, and therefore to G, and acts towards « decreasing in 
both alternating and steady fields. In the absence of' any 
data on the polarizability of a double layer no calculation can 
be made of the magnitude of this effect. 
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NOTES AND NEWS 


Correspondence 


The study of semiconductor crystal perfection by X-ray 
diffraction methods 


The electrical properties of semiconductors have been shown 
to be affected by certain types of crystal defects.* These 
may be studied by means of a high-resolution X-ray diffraction 
method, the essential feature of which is the use of a micro- 
focus X-ray source in conjunction with a collimator giving a 
narrow, near-parallel beam. This combination avoids the 
‘‘pinhole camera” effect obtained by using a normal-sized 


reflected 


beam 1 incident beam Pee ica tes 
specimen 
film 
Fig. 1. Resolution of small misorientations 


X-ray focus with a small aperture, and causes the appearance 
of a back-reflexion Laue diffraction spot to depend simply 
on the character of the crystal under examination. Although 
the parallel beam only gives spots of the same dimensions as 
the beam diameter, photographic enlargements can be 
prepared, and the limit of resolution is set by the grain of the 
X-ray film employed. The Laue method is chosen because of 


beam diameter (Fig. 1). If a normally reflecting matrix 


contains, at its centre, a small included region of slightly } 


different orientation, in which the reflecting plane is mis- 


orientated by an angle pz, the reflected beam from this region 


Fig. 4. Reflexions from lineage “‘fibres”’ parallel to the 
growth direction of a silicon ingot (total spread of 
orientation 3-2°) (x 10) 


will be turned through an angle 2. This will be resolved t 
(i.e. will strike the film outside the main reflexion) if u > h/4R » 


(where fA is the beam diameter and R is the specimen-film 
distance). 


Fig. 2. Refiexion from an area 

of silicon crystal crossed by 

twin lamellae 0-05 mm or less 
in width (x 20) 


Fig. 3. 


its great versatility: both orientation and perfection of a 
crystal can be obtained from a single photograph. 

It is often necessary to know the angles between two 
crystallites which have a slight relative inclination, and 
the minimum angle which can be resolved depends on the 


* TayLor, W. E., ODELL, N. H., and Fan, H. Y. Phys. Rev., 
88, p. 867 (1952). 

Tweet, A. G. Bull. Amer. Phys. Soc., 29 (5), p. 17 (1954). 

VOGEL, F. L., READ, W. T., and Lovett, L. C. Phys. Rev., 94, 
p. 1791 (1954). 
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Reflexion from regions on 
either side of a low-angle (1-1°) 
boundary in germanium (x 10) 


Fig. 5. Reflexions from a frag- 

mented lattice in silicon (maxi- 

mum spread of orientation from 
growth axis + 2°) (x 10) 


Whether or not the two reflexions are distinguishable will 


then depend on how much they are broadened by the diver- + 


gence of the beam. This factor is also controlled by the 
collimator diameter, so that to resolve small misorientations, 
the latter dimension should be made as small as is convenient 
for rapid alinement of the apparatus. (With a microfocus 
unit, the exposure time required is independent of the fraction 
of the total output of the tube employed.) The ultimate 
limit of angular resolution is set by the angle of convergence 
of the X-ray beam to a point on the specimen surface. 
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With a parallel beam, then, the angular resolution /)/ 
is thus directly proportional to the collimator diameter. % 


f 
t 
; 
b 
* 
{ 
} 
I 
1 
| 
I 
| 


vided the collimator is such that there is no specular 
‘sion of X-rays from its walls, this angle will be pro- 
ional to the dimensions of the focal spot, and may easily 
leduced to less than a minute of arc. 

igs. 2-5 show various enlarged examples of diffraction 
is from defective crystals, obtained by application of the 
Hve principles. (4 = 1mm, R = 3 cm, focal spot diameter 
'-04 mm for each of these photographs.) 

or routine examination of specimens for the presence of 
icts, it is possible to use a fine beam and still study a 
e area of crystal by using a scanning mechanism. In this, 
urface to be studied is carefully mounted parallel to the 
m|, and by means of a suitably geared clock motor, it is 
wn across the beam on a smooth-running carriage at a 


aes __ [sinh 20x, + 


Correspondence 


and providing 8 is known, then, in principle, equation (3) 
can be solved for «. [8 is determined from the positions of 
the minima. * 


Experimentally, therefore, it is only necessary to find two 
points where equal signal strengths are detected and then to 
measure their distances from the short-circuit with a micro- 
meter. It will be noticed that the method is independent of 
the law obeyed by the detector. 


To put the method to its best practical use, x, and x, must 
be chosen so as to facilitate the solution of equation (3) and 
to satisfy the condition that the error in « due to errors in 
measuring x, and x, be as small as possible. This is done as 
follows. 


Differentiation of equation (3) gives the result, 


(B/c) sin 2Bx,]|dx,| + [sinh 2x, + (B/a) sin 2Bx>]|6x>| (4) 


x 


i] 
i of 1 or 2cm/h. By this means a line is scanned, 
| if the crystal is perfect the Laue photograph will be 
jstinguishable from one taken with the crystal stationary. 
y defects occurring along the line, on the other hand, will 
i rise to distortions of the spots. To enable a larger area 
pe studied, a parallel-sided slit collimator may be em- 
wed, with its length perpendicular to the direction of 
‘erse. Having once discovered the existence of defects 
‘his means, stationary-crystal methods can be used to 
:y them individually. 

he details which can be revealed by these methods are: 

.) bulk defects, such as lineage and fragmentation; 

*) curvature of lattice; 

&» surface damage overlying a perfect structure. 


* method is not sensitive to variations in lattice parameter, 
2 white X-rays are employed, but the impurity densities 
i}nally occurring in semiconductor work are in any case so. 
ill as to have no appreciable effect on the parameter. 

}am indebted to Dr. T. E. Allibone, and to the Admiralty, 
i}permission to publish this note. 


| 
cent Laboratory, 


P. J. HOLMES 
ociated Electrical Industries Ltd., 

jermaston, Berks. 

| 

i A simple and rapid method of measuring the complex 
{| permittivity of a liquid 

1 recent paper an apparatus was described for investigating 
i dielectric properties of liquids in the wavelength range of 
i> 50cm.* For particular cases a method has since been 
icloped which requires neither a phase-changer nor a cut- 
ij attenuator, the complex permittivity being completely 
(ermined in terms of the positions of particular points in 
standing wave set up in a short-circuited line. 

f a short-circuited coaxial line contains liquid of pro- 
lation constant y = « +B, the electric vector E at any 
lint distant x from the short circuit may be written 


E = Ee — e-%*) (1) 
which it follows that the amplitude |E| is given by 
|E| = Eo(cosh 2«x — cos 28x)? (2) 


now two points with equal amplitudes are found at 
litions x, and x from the short circuit, then 


cosh 2ax, — cos 28x, = cosh 2xx2 — cos 28x, 


(3) 


| BucHanan, T. J., and Grant, E. H. Brit. J. Appl. Phys., 6, 
hd (1955). 
VoL. 6, May 1955 


x, sinh 2ax,; — x, sinh 2ox, 
Hence for best results the following criteria must be satisfied: 


(a) the two points be as far apart as possible; and 
(b) one must be approximately at a minimum and the other 
approximately at a maximum. 


Consideration of equation (4) also shows. that the method is 
only suitable for medium- or high-loss liquids. 

Thus a pair of points such as P and Q (see figure) should 
be chosen, with corresponding distances equal to x, and x, 


Variation of amplitude with distance along a short-circuited 
line 


respectively. This also facilitates the solution of equation (3) 
since the approximations cos 2Bx, = 1 and cos 28x, = — 1 
may be written leading to 


~ 


(5) 
(6) 


Equation (6) can be solved readily from tables of hyperbolic 
functions and the value of « so obtained substituted into 
equation (3) to obtain a more accurate result. 

The method has been used successfully for water at a 
wavelength of 17cm and it was found that usually at least 
two pairs of points could be observed, giving a useful check 
on each other. 

Department of Physics Applied to 


Medicine, 
Middlesex Hospital Medical School, 


cosh 20%) Li cosh 2ax5 044 


~ 


or sinh ax, ~ cosh «x 


E. H. GRANT 


‘ London, W.1. 


The thermal conductivity of some technical materials at low 
temperatures 


We have, at various times, determined the thermal conduc- 
tivities of several substances which are of technical interest. 
Some of these have not been reported elsewhere and, as the 
results may be useful to other workers in the low temperature 
field, we give them below. The apparatus used for the measure- 
ments was the same as has been described previously.) 
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The relevant details of the materials are as follows. 

Brass. Arod¢in. in diameter and conforming to B.S. 249, 
supplied by Henry Righton and Co. Ltd. (copper 55-60%, 
lead 2-:0-3:5%, impurities 0-75 °%, remainder—about 40 %— 
zinc). It was measured as received and also after being 
heated to a dull red heat for ten minutes and being allowed 
to cool slowly. The electrical resistivity was unchanged, with 
values of 7:2 x 10-©QQ0om at room temperature and 
3°5 x 10-§Q cm at 20° K 


As the temperature variation of eet conductiviya 
each case, similar to that previously found for substance: i 
the same types, the results will not be discussed furth 
Detailed reviews of heat conduction in metals and non-meta 
are given by Olsen and Rosenberg@) and Berman i 
respectively. q i 

The greatest use for these values is probably in the ca 
culation of the heat flow down rods or tubes when the ency 
are at different temperatures. As before,©) we therefo tf 


Table 1. Thermal conductivity of technical materials (W/cm.°C) 

Tee aia as received ae annealed Re Soft glass Nylon Soft solder Wood's mee i 
2 1-3 x 10-2 1251052 9-0 x 10-3 5-3.) 10-4 6°5)X 31073 5:0 x 10-2 L-Onx 10- 
3 2:1 2:3 174° 102 683 9-5 {15S 10s a 24 ee 
4 2:9 3-4 Lo 1-19 x 10-3 1°25 X 10-4 1:6 4-0 
5 3}9/ 4-4 AE3) 1-44 1:6 Dae 5-6 
6 4-6 5:4 2°9 2:0 2°65 q3 
8 6:4 TES) 3°9 Mors 3°65 1:0 x 107 
10 8-2 9-6 4-9 349 4:2, Iho 
15 1:3 x 107! 1:46 x 107! 7°8 6°8 Syeit feds 

20 PST 1-93 1:07 x 107! 9-8 D0 Luoa 
25 2c 35 5:75 1-8 
30 ede 1-62 5°65 1-9 
40 323) PEG ANS) 5°25 20) 
50 4-0 2°62 So DE 
60 4-6 3-04 5-1, p23 
70 sy) 3-40 ye P2 2°25 
80 553) Sik 5:25 2328) 
90 5-4 5-4 523 23 
Table 2. Heat flow in watts along specimens 10 cm long, 1 mm cross-sectional area 
Temperatures at ends (°K) Brass (annealed) Beryllium copper Nylon Glass 
80-20 2:3 x 10-2 1:6 x 10-2 2°12 104% 
60-20 1-3 x 10-2 9:4. x 10-3 1:2) 10<4* 
20-4 L5G 1023 9:7 x 10-4 8:37 10 ee 2-9 x 10-5* 
10-4 363 el Ome 2:0 x 10-4 1-5 x 10-6 9-4 x 10-5* 
4-1 Swix Ors 32S <10me D3 <li! 2a x<alOwe 
1-0 aT hyo (pel DADS NOS 1:4.x 10-8 1371 0a 


* Extrapolated according to relation found for quartz glass and Phoenix glass, which are, respectively, about 10 and 20% lower. 


Beryllium copper. An alloy containing 2°% beryllium was 
held at 300° C for two hours. The resulting hardness was 
about 41 Rockwell units. The electrical resistivity was 
8:25 x 10-€Q cm at room temperature, 6:2 x 10-€Q cm 
at 77° K and 5:5, x 107° Q:cm at 4-2°K. 

Soft glass. Supplied by General Electric Company, Ltd., 
type X8 (SiO, 70:12%, Al,O; 2:58, CaO 5-40, MgO 3- 6, 


Na,O 16°82, K,0 0:35, B,O; 0- 78, SO; 0:20). Density 
2°50 g/cm?. 
Nylon. A drawn monofilament, 2mm in diameter, 


supplied by Imperial Chemical Industries Ltd. 

Soft solder. Tin 60%, lead 40%. Made up in the 
laboratory. 

Wood’s metal. 
any specification. (Normal composition is bismuth 48%, 
lead 26%, tin 13%, cadmium 13°%.) 

Application of the Wiedemann—Franz—Lorenz law shows 
that for brass and for beryllium copper the electronic com- 
ponent represents 80-90% of the measured thermal con- 
ductivity.. It will be noted that the annealing of the brass 
rod increased the thermal conductivity without altering the 
electrical resistance. This shows that only the lattice thermal 
conductivity is affected, in agreement with the results of 
Estermann and Zimmerman.) 
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Supplied by May and Baker, Ltd., without. 


append Table 2 giving heat flow along specimens 10 cn 
long and 1 mm? cross-sectional area, when the temperature 
at the ends vary from 80 to 0° K. If the evaporation rate 
liquid hydrogen or liquid helium produced by these h 
flows is to be calculated, it should be noted that 1 W evaporates 
about 100 cm? of liquid hydrogen per hour and about 11] 
of liquid helium per hour. Ej 

The measurements on beryllium copper were made at the’ 
Cryogenic Engineering Laboratory, Massachusetts Instit tet 
of Technology, Cambridge, Mass., while one of us (R. 
was on leave of absence from Oxford. 


Clarendon Laboratory, 
University of Oxford. 


R. BERMAN 
__E. L. Foster j 
H. M. ROSENBERG |} 
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ay diffraction by polycrystalline materials. Edited by 
| H.S. Petser, M.A., A.R.LC., F.Inst.P., H. P. Rooxssy, 
| B.Sc., F.Inst.P., and A. J. C. Witson, M.Sc., Ph.D., 
_A.LM., F.Inst.P. (London: The Institute of Physics, 
| 6955.) Pp. 725.: « Price’63s. 

s volume is the latest addition to the Physics in Industry 
Hes of monographs. 

t is divided into three parts: experimental techniques, 
srpretation of data, and practical uses of the techniques in 
erent fields. It contains over 250 figures, many references 
1 an Appendix which includes useful tables. 

i s contents and purpose are well described by Sir Lawrence 
gg in his foreword: 


FFor anyone who has been concerned with X-ray analysis 
Hee its early days, it is fascinating to see how the subject 
itinues to grow and ramify. The present book is a striking 
istration of this development. Aithough it deals with only 
° branch of crystal analysis, the study of polycrystalline 
terials, it has been found desirable to invite some thirty 
serts to make their contributions in order that each aspect 
rhe subject might be covered in an authoritative way. That 
jas been possible to weld contributions from so many 
‘hors into a coherent scheme is both a tribute to the editors 
| an excellent example of that happy collaboration that has 
sted from the very beginning amongst X-ray crystallo- 
} shers and continues so manifestly at the present time. 
The subject of this book is an important branch of X-ray 
tstallography because so many crystalline substances are 
fy available in a microcrystalline form and because a 
#wder photograph’ is a ready way of obtaining a record 
eracteristic of all the diffraction effects with a single 
cosure. It is not surprising that, in industrial applications 
becially, powder photographs are used to a far greater 
‘ent than the examination of single crystals. 

; Aun interesting feature of this book is the series of essays 
Nthe end, which show how the methods described in the 
lier chapters can be applied in many different scientific 
ids. The earlier chapters deal with tactics, the latter with 
lategy. These essays, in addition to their interest to the 
bert, should also have a particular appeal to all who wish 
assess the potentialities of X-ray techniques in many 
inches of science. 

‘The lore of X-ray analysis by powder photographs, only 
‘be found otherwise in many journals and books, is here 
lected into a form in which it is readily accessible, and 
book will be warmly welcomed by an ever-increasing 
ber of scientists.’ 


tics; lectures in theoretical physics (Vol. 4). By ARNOLD 
SOMMEREFELD, translated by Otro LAporeE and PETER A. 
MoLDANER. (London: Academic Books Ltd.; New 
York: Academic Press Inc., 1954.) Pp. xii + 383. 
Price $6.80. 

is is an English translation of the well-known German 
t, the changes and additions being very slight. It assumes 
hxwell’s equations, and then treats the whole field of 
lysical optics. The mathematical treatment is delightful in 
| directness and elegance. Much of the text would be 
! table for the honours student in physics, but a number of 
bics would not be appropriate, for example, the rigorous 
latment of the diffraction by a straight edge. 

The translation reads well, and the rendering of this 
isterly work more accessible to English-speaking physicists 
bomething for which many will be very grateful. The book 


bomewhat expensive, but well worth the price. 
H. H. Hopkins 


| 
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New books 


Notes on applied science No. 8. Audio frequency power 
measurements. (London: H.M. Stationery Office, 1954.) 
Pp. iv -- 16. | Price Is. 


This is one of a series of booklets issued by the National 
Physical Laboratory and describes the measurement of 
power at frequencies over the audio frequency range, including, 
of course, mains frequencies. Three types of wattmeter are 
discussed and the limitations and advantages of each are 
outlined: these are the electrostatic, the thermal, and the 
electrodynamic wattmeters. 

It is probably because the N.P.L. is concerned mainly with 
precision measurements that only these three types are 
described. Whilst the applications of electronic techniques 
are mentioned as possibilities, no word is given about any 
calorimetric methods and more might have been said about 
three-phase power measurements. A. J. MADDOCK 


Principles of modern acoustics. By G. W. SWENSON, Jr., 
Ph.D. (New York: D. van Nostrand Co. Inc.; London: 
Macmillan and Co. Ltd., 1954.) Pp. vii + 222. Price 
30s. 


In this work, sound is treated mainly from the view-point of 
the engineer, particularly the electrical engineer. The author 
plunges straightway into electrical networks and _ their 
mechanical analogues, from which the electro-acoustic 
transducer emerges. Then follow the vibrating string and 
membrane, plane and spherical waves of sound, normal 
modes and horns. These chapters lead on to architectural 
acoustics and subjective sound. Except in the last chapters, 
the treatment is almost entirely mathematical. Useful 
problems are set at the chapter ends. A helpful feature not 
usually met in books of this type is an appendix on methods 
of approximation to the solutions of wave problems, with 
some examples in the calculation of natural frequencies. 
E. G. RICHARDSON 


Massbalancing of aircraft control surfaces (Aeronautical). 
By H. TEMPLETON, B.Sc., F.R.Ae.S. (London: Chapman 
and Hall, Ltd., published under the authority of the 
Royal Aeronautical Society, 1954.) Pp. x-+ 241. 
Price 35s. ; 


Mr. Templeton’s monograph, the first book to deal 
specifically with massbalancing, is intended for students of 
aeronautics specializing in flutter. It is divided into three 
parts. The first deals very clearly with the basic principles 
of massbalancing, whilst the second part is devoted to their 
application. The numerous parameters that influence flutter 
characteristics, and thus determine the amount of mass- 
balance necessary for safety are enumerated and their effects 
are considered by the inclusion of brief accounts of a number 
of theoretical and experimental investigations that have been 
made. An account is then given of the “rules of thumb,” 
the design criteria for avoiding flutter, and an outline is also 
given of the procedure to be followed during the design and 
development stage for ensuring, by detailed calculations, 
ground resonance tests and flight tests, that a prototype is 
flutter-free. The third part of the monograph looks for future 
trends and alternative means of prevention. 

Except for the omission of any references to sources of 
information both on the general methods of flutter calculation 
and on the practical details of resonance and flight testing, 
the monograph is a thorough treatment of the subject. It 
will doubtless be of great value to those in design offices 
who are responsible for ensuring that their aircraft do not 
flutter. N. C. LAMBOURNE 
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Notes and 


Noise Control 


We have received a copy of the first issue of a new bi- 
monthly magazine called Noise Control. It is produced by 
The Acoustical Society of America and like the Society’s 
Journal it is published for it by the American Institute of 
Physics (57 East 55th Street, New York 22, New York), 
from where details of the various subscription rates can be 
obtained. The magazine “‘is directed to the reader who needs 
to know about noise control—whether he is an engineer, 
the manager of a factory, an ‘audiologist,’ or an architect.” 
The copy before us is produced in what we should call a 
characteristically American semi-popular style, with copious 
illustrations, some of a cartoon nature, and practically no 
mathematics. 

The contents in this issue are: Fundamentals of noise con- 
trol; What does the ASA “‘Z24—X-2 Report” mean ?; Twenty- 
five years’ research in outdoor noise; How quiet must it be to 
measure normal hearing?; Noise reduction of machinery and 
vehicles; Quieting of apartments and houses; Measurement 
techniques for special noise problems; Control of interior 
noise; A community’s reaction to noise: can it be forecast ? 
In addition there are sections entitled: Legal aspects of noise; 
They are doing something about noise; Books; Noise in the 
news; New products, and Letters to the Editor. 


Plastics exhibition and convention 


The third biennial British Plastics Exhibition will be held 
at Olympia, London, from 1 to 11 June, 1955, and there will 
be nearly 100 exhibitors. 

The associated convention which opens on 2 June and ends 
on 9 June will discuss twenty-one papers on the following 
subjects: Polymer structure and .properties; Polymer forma- 
tion; Expanded plastics; Thermoplastics; Extrusion; Work 
study; Injection moulding; Patents; Foundry resins; Glass 
reinforced plastics. 

The exhibition is being organized by the journal British 
Plastics with the full co-operation of the British Plastics 
Federation. Further details may be obtained from the 
publishers: Associated Iliffe Press, Dorset House, Stamford 
Street, London, S.E.1. 


Electronics exhibition 


The Tenth Annual Exhibition organized by the Northern 
Division of the Institution of Electronics will be held at the 
College of Technology, Sackville Street, Manchester, 1, 
during the period 14-20 July, 1955. The exhibition will be 
open from 2 p.m. to 10 p.m. on 14 July, from 10 a.m. to 
10 p.m. on 15, 18, 19 and 20 July and from 10 a.m. to 6 p.m. 
on 16 July. 

Programmes of the lectures and film show (post free price 
43d.) will be available in June and catalogues (post free 
price 2s.) will be on sale early in July. Tickets are obtainable, 
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free of charge, from the Honorary Exhibition Organizi ng 
Secretary, Mr. W. Birtwistle, 78 Shaw Road, Rochdale, 
Lancs., or from any of the exhibitors. A stamped and) 
addressed envelope should be enclosed. a 


Semiconducting materials and transistors—a bibliography 


A thirty-eight-page bibliography has been produced of 
work on semiconducting materials and transistors which has 


ee SERRE eS Seems 


been published over the past ten years. The entries have been 


classified into the following groups: semiconductors—theo y 
and measurements; processing of semiconductors ; transistors: 
new forms of transistors; rectifiers and diodes; other semi- 
conducting devices. 


Copies of this bibliography are available free of charge | 


from Pye Industrial Electronics Ltd., Exning Road. 


Newmarket, Suffolk. 


Post-graduate courses in instrument technology | 
The National College of Horology and Instrument Tec h- 
nology, in conjunction with the Instrument Engineering 
Department of Northampton Polytechnic, conducts single= ; 
session (October—July) full-time courses in instrument 
technology for students holding either a university degree in) 
science or engineering, or a Higher National Certificate (or) 


diploma) in engineering, or an equivalent qualification. The) 


aim of the course is to provide specialized or supplementa "y ig 


training in the field of instrument technology. 4 
The next session commences in October. Application 
forms and prospectuses may be obtained from the Secretary 
National College of Horology and Instrument Technolog 
Northampton Polytechnic, St. John Street, London, E.C.i— 
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ORIGINAL CONTRIBUTIONS q 

Papers a 

The use of the milling machine for preparing bone sections for microradiography 
and microautoradiography. By Jenifer Jowsey. t 

A simple, sensitive, saturated-core recording magnetometer. By V. B. Gerard. 
An infra-red radiation pyrometer. By J. D. Harmer and B. N. Watts. . 
A microscope hot stage using electron bombardment. By G. J. Ogilvie and 
G. Brinson. " 


3) | 
Shaw. a 
Apparatus for the measurement of the lifetime of phosphorescence phenomena. 
By A. van Roggen and R. A. Vroom. 
A computing microphotometer for cell analyses. ! 
and B. Nyquist. 
Laboratory and workshop notes By 
A stabilized current supply for a mass spectrometer, surface ionization, source, 
By K. L. Aitken, F. Hart and P. Reynolds. } 
Controlled water flows. By G. T. P. Tarrant. Am 
A simple metal-to-metal vacuum valve. By G. W. Green. | 
Pneumatic micro-tweezers. By J. I. Pankove. 
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trical fluctuations in semiconductors have attracted con- 
able attention over the last fifteen years, for two main 
ns; because many radio and eiectronic devices depend 
tially for their operation on the properties of a semi- 
suctor and because the noise exhibited by these devices 
fi. carrying current can be considerably in excess of the 
mal and shot noise components. Usually the spectral 
ity of the noise decreases with increasing frequency and 
ehis reason it is particularly a limitation at the lower 
Hiencies; for instance, the transistor cannot compete 
; the vacuum tube at audio frequency in respect of 
43/noise ratio, and this limitation in the performance of a 
| device has been responsible for increased attention to 
feneral problem. 
Enpirically it has been observed that devices which are 
rately reproducible in their macroscopic parameters 
ent-voltage-temperature characteristics) may exhibit 
= levels which differ greatly from one sample to another. 
# accordingly believed that the fluctuation processes may 
arkedly structure-sensitive and depend upon certain 
of imperfection to a much greater extent than the 
-oscopic characteristics. It is also known experimentally 
there is a particular tendency for noise to be generated 
ansition regions such as occur between a metal electrode 
| a semiconductor or between semiconductors having 
ising types of conductivity. Since one or both of these 
is of transition region are inevitably present in practical 
jces it is particularly important that contact and junction 
te should be understood. 

ere is little doubt that further improvements will result 
4 more refined techniques of preparing semiconducting 
srials so as to eliminate chemical and physical imper- 
jons and from advances in methods of fabrication so as 
ontrol the conditions existing at the surfaces and at 
trode contacts. 
1 the present paper the various sources of noise in semi- 
Huctors are considered. Where possible the individual 
esses are compared with those which are analogous and 
iliar in the vacuum tube. We shall not be greatly con- 
Iked with purely spatial fluctuations, i.e. variations from 
ht to point of the properties of the semiconductor as 
lht arise from a random distribution of impurities; so 
; as such a distribution is invariant in time it would not 
tself provoke temporal fluctuations which are our concern 


q 


| is appropriate to consider some of the terminology used 
llescribe the fluctuations and for this purpose we regard 
i fluctuating variable x in which we are interested as a 


lj Based on a lecture given before the Electronics Group of The 
litute of Physics in London on 18 September, 1954. é 
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Electronic fluctuations in semiconductors* 
By Pror. R. E. Buragss, B.Sc., A.M.I.E.E.,f Radio Research Station, Slough, Bucks. 


Electrical fluctuations which occur in semiconductors, particularly on the passage of current 
are of considerable fundamental and technological significance. 
sensitivity is determined almost entirely by the noise of a semiconductor device. The present 
paper reviews the various types of spontaneous fluctuation which arise and comparison is made 
with the corresponding processes in a vacuum tube. 

Particular attention is paid to modulation noise which is conspicuous in semiconductors at 
low frequencies, especially when current-carrying contacts or barriers occur. 


In many systems the limiting 


statistically stationary time series having certain well defined 
attributes; mean value xX, variance o%, autocorrelation 
coefficient r(t), and the spectral density S(f). 

The spectral density may be defined as follows: if a 
fluctuating voltage be transmitted by a narrow band pass 
filter centred on frequency f and having unity transmission 
over a bandwidth Af, the mean square voltage at the output 
would be given by S(f). Af when averaged over a time long 
compared with 1/Af. If the variable under examination 
contained a d.c. component x or a discrete sine-wave com- 
ponent of a certain frequency fo, these would give rise to 
spectral lines at f = 0 or fy and would correspond to delta 
function terms in S(f). In the fluctuations we are considering 
there may in general be a non-zero mean value of the quantity 
but not usually any discrete frequencies. The relations 
between the autocorrelation coefficient and the spectral 
density of the continuum may therefore be written 


or(t) = | S(f) cos Qz7ft)df (1) 
0 
SC) = 402 | r(t) cos (27ft)dt (2) 
0 


The latter relation is frequently of convenience in the cal- 
culation of the spectral density of processes in which the 
statistical behaviour in time is readily formulated. 

In more physical terms, the variables whose fluctuations 
are of interest include: current, voltage, resistance or con- 
ductance, number of carriers, number of ions, number of 
occupied traps, rates of generation and recombination of 
carriers, temperature, and height of a potential barrier. 

A phenomenological description of the noise current and 
voltage of a two-terminal device connected in a circuit may 
be attempted in terms of the “fluctuating characteristic’ 
concept. It is worthwhile to examine this in a little detail 
since the question of representation of noise generators in 
non-linear systems is involved. Consider a simple circuit 
having a battery of e.m.f. E in series with a source resistance 
Sand a noisy element of resistance R(f) which will be assumed 
for generality to have a non-linear current-voltage charac- 
teristic. Let it be possible to speak of an instantaneous 
characteristic, so that the characteristic at time ¢ in general 
differs from the mean characteristic (as observed macro- 
scopically). The fluctuations will always be regarded as 
sufficiently small for first-order effects only to be important. 
On account of the non-linearity the d.c. resistance R and the 
a.c. differential resistance p differ. The following relations 
then hold for the fluctuations of voltage current and resistance: 


SE SI AR (3) 


Sepa Sak 
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whereas the equivalent noise generators are 


S +p 
4 
ya RAR (4) 


e= —pi= 


It is important to note that the noise e.m.f. e is not in 
general equal to JAR. Equality only obtains when the noisy 
element R is linear (R = p) or when the impedance of the 
external circuit is very large compared with both R and p. 
Similarly the noise current generator i is not in general equal 
to —IJAR/R unless R is linear or the impedance of the external 
circuit is very small compared with both R and p. It is also 


clear that thermal noise, which arises purely spontaneously - 


in the absence of any current flow from an external circuit 
cannot be represented in terms of a fluctuating characteristic. 

The types of noise which will be considered in order are: 
thermal noise, shot noise, partition noise, avalanche noise, 
and modulation noise. Much of the discussion is a review 
of previous work but some original contributions are included 
which it is intended to treat more fully elsewhere. 


THERMAL NOISE 


In any two-terminal passive element in thermodynamical 
equilibrium at absolute temperature T the fluctuation e.m.f. 
appearing at the terminals has the spectral density 


SA(f) = 4kTR(f) (5) 


where R(f) is the real part of the impedance presented at the 
terminals at frequency f and k is Boltzmann’s constant; this 
result, due to Nyquist is valid so long as hf <kT, or 
f <2 x 10!° Tsec—!. This equation relates the electrical 
manifestation of the thermal energy of the current carriers 
(electrons, holes, ions) to the atoms of the material as a whole 
through the dissipative mechanism represented by R. Its 
proof rests on purely thermodynamical arguments and is 
therefore independent of mechanisms of conduction. How- 
ever, proofs based on particular models of conduction-electron 
distribution and scattering have been given“) and lead to 
the same result. 
The noise current spectral density is given by 


Si(f) = 4kTG(f) (6) 


where G(f) is the real part of the admittance at frequency f. 
Although the thermal noise of a semiconductor or a semi- 
conductor device is a well-defined quantity when equilibrium 


is established, this does not correspond to the practical con- _ 


ditions in which the devices normally operate. Usually there 
will be current flowing and thus additional types of noise can 
arise. Nevertheless, if the applied electrical field is every- 
where such that the velocity distribution of the current 
carriers is unchanged apart from the linear superposition of 
a drift velocity in the direction of the field it is reasonable to 
assume that to a first approximation the thermal noise 
component is still given by Nyquist’s equation. Physically 
we are saying that the thermal noise originates from the 
random discontinuities in the motions of the carriers due to 
their collisions with the atoms and its value is intimately 
connected with the appearance of the term kT in the energy 
distribution function for the carriers. In silicon and ger- 
manium at room temperature it seems that the superposition 
of drift and thermal velocities is valid for electric fields such 
that the drift velocity does not exceed 3 x 10° cm/s.@>4) 
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SHOT NOISE 


The term “shot noise” was originally applied to @ 
fluctuations of current in a saturated vacuum diode due 
the randomness of electron emission from the cathode. © 
the electrons are emitted at an average rate v(=//e) 
second and each electron travels to the anode without in 
action with the other electrons, the spectral density of t 
current is given by 4 


S\(f) = FU)? = 2/e) FA)? 


where F(f) is the Fourier transform of the current impul 
due to the passage of a single electron: 


EG) = | i(t) exp (—jwt)dt 


0 


At low frequencies such that the electron transit time 7 
small compared with 1/w, the transform F(f) ~ e and f 
spectral density assumes the simple form 2e/. The concep} 
of randomness of rate of emission implies that the pro 
is determined by a stationary Poisson distribution. 
random distribution of emission velocities can for son 
purposes be regarded as contributing additional the 
noise.©) 

If the vacuum diode be replaced by a uniform seme 
conductor a number of important differences arise. 
general there are two types of current carrier—electrons 
holes; these carriers will undergo many collisions dur 
their drift motion with the electric field and furthermore 
may be generated and may recombine at points through 
the bulk and on the surface of the semiconductor as we 
at the electrodes. Thus the current impulses due to indivi 
transits may vary widely in their duration and their integr 
value F(O) < e since it is only equal to the electronic charg 
for a carrier which passes completely from one electrode 1 
the other. We here separate the carrier motion into l 
superposition of a drift motion and thermal agitation and t i 
the latter we ascribe thermal noise given by Nyquist’s equatic 
to which must be added the shot noise due to drift whi 
we now calculate. 

Consider the case of an n-type semiconductor rod of cr 
section A, length / and with uniform electric field E. If 
electron mobility is ~ and the mean lifetime 7 we can as 
that if N electrons are in motion at any given moment, fl 
number of those still in motion at a time ¢ later is, on thy 
average E 


Nexp (—t/7)0 — Ept/l) for t < l/Ew 


and zero for greater values of f. 
Thus d 
NON, — (NW)? = [N? — WY] exp (—1/7)1 — Eyal) ( 


and since the instantaneous drift current is NewE/I the spec 
density of the shot noise is 


Sf) = 
Ev. 


ce [N? —(N)?] | exp (—?/7)(1 — Ept/1) cos all | 


= 2a SR |w (ome) 


x 62/2 
i w= Be 
1 — 62 —¢/6 
fee eed #) cos  — 26sin 


(13) 


vhich 8 = wr and ¢ = wl/Eu. Davydov and Gurevich 
» considered this particular case but derived an erroneous 
alt. A number of special cases may now be considered: 


) If the frequency is sufficiently low for both @ and ¢ 
ipe small compared with unity 


4 
ape (14) 


Ms ~ lif = < Eur 

»xpected since we now have all the carriers traversing the 
siconductor and full shot noise results. 

ii) If 7s Er so that the life-path along the field is 
tigible compared with the length of the specimen 
20/p — 2Eur 1 

1+6@ JT 1+a??7 
~hich the shot effect is reduced by both a path factor and a 
pacncy term. 

Bu) If] < Er 


w= (15) 


W = 2(1 — cos ¢)/¢? 


ich corresponds to electrons crossing the distance / with 
gorm drift velocity Eu and is analogous to the noise 
eiced by an electron beam in a klystron gap. 

Phe ratio of the variance of N to its mean value which 
urs in the spectral density depends upon the mechanism 
Kearrier generation and recombination or trapping.” It 
rot unity as is commonly assumed. 

nother important instance of shot noise arises in the 
ler extreme from a uniform semiconductor, namely the 
tion of carriers across a high-field transition region, e.g. 
a metallic contact or at a p-n junction. Normally the 
Icier velocities in such a region would be of the order of 
cm/s and the width of the region would lie in the range 
> to 10-3 cm so that the transit time would be negligible 
lept at the highest microwave frequencies. Furthermore 
nay be readily shown that since the change in quasi-Fermi 
el for the carriers across the transition region is very 
irly equal to the applied voltage, the effect of each electron 
\sit is effectively to induce a current impulse ed(A), and 
is full shot noise may be attributed to the flow. 

ln a semiconductor diode at zero bias there is no net 
lh ent across the barrier layer, but since the noise induced 
icarrier transits in independent of the direction of transit 
+ may consider the noise to equal twice the shot noise 
ibutable to the flow Jp in either direction. Then it is clear 
't since the noise must also be given by Nyquist’s formula 
| zero-voltage conductance of the diode is 


Go = elo/kT 


(16) 


(17) 


If a biased semiconductor diode be illuminated a photo- 
rent in the reverse direction is added to whatever current 
already flowing due to the bias. Experimental data’) 
ly be interpreted to show that the increase of noise on 
tminating a reverse-biased diode is equal to the shot noise 
ociated with the increase of current at a constant bias 
sage. This shot noise behaviour occurs even at low 
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frequencies where the dark current may exhibit appreciable 
modulation noise. This result is very significant from the 
theoretical point of view, and is discussed elsewhere. 

The zero-bias condition is of importance in the video- 
detector type of receiver in which the low-level signals (usually 
received over a broad band at microwaves) are directly 
rectified and passed to a video amplifier. The r.m.s. noise 
current is inversely proportional to the square root of the 
crystal conductance, while the signal current is proportional 
to the applied signal power, the factor of proportionality 
being e/2kT for an ideal detector. In this system there is no 
theoretical noise problem and the practical problem is to 
make the rectification coefficient approach the ideal as nearly 
as possible. 

In a microwave superheterodyne receiver using a crystal 
diode mixer the noise appearing at the intermediate fre- 
quency is approximately given by the shot noise which one 
would attribute to the mean current flow through the diode. 
In good diodes at 30 or 45 Mc/s this is fairly closely true 
although in poor diodes there is a vestige of the modulation 
noise spectrum. The experimental work of Miller(® and 
Nicoll!) with both d.c. and a.c. excitation of silicon diodes 
illustrates the relative importance of shot and modulation 
noise at different frequencies. 

If a diode has a reverse characteristic of the form 


I= I[1 — exp (—eV/kT)] (18) 


where Jp in general increases slowly with the reverse voltage V, 
and if the h.f. noise be attributed wholly to the sum of the 
shot noises of two components of current: 


S,(f) = 2eI[1 + exp (— eV/kT)] (19) 


then this may be expressed also in the following manner: 


Séf)-= 4k1G + 2e qe (20) 
showing that the. noise could be mee as the sum of 
thermal noise and a shot noise term which is somewhat 
reduced below the full value of the effect of non-saturation of 
the reverse current. 


PARTITION NOISE 


If a current in vacuo or in a semiconductor has the possi- 
bility of dividing between two or more electrodes, the process 
of partition will, because it is a statistical process, influence 
the noise in the resulting components of the current. 

Let us first consider the case of a vacuum tube in which a 
cathode current J) having mean square noise 2e/)F? per unit 
bandwidth (F2 = space-charge reduction factor) can divide 
between two electrodes (1) and (2). Then if J, and J, are 
the mean currents to these electrodes (J; + I, = Jp) the 
probabilities that an electron arrives at one or the other 
are I,/Ip and J)/Ip respectively. The noise in the current to 
electrode (1) will have the component ip;? = 2elyF*(L,/Io)* 
due to the original cathode noise and a partition noise 
component given by i2?,; = 2e/;.J,/Iy as determined from the 
variance of a binomial distribution. Thus the total noise in 
electrode (1) is 


(ig) F ip)? = ty? = 2e1, UF? + 1)/Io (21) 
The noise in electrode (2) may be similarly expressed with 
in = Ip: 


(ign + ipa)? = i = 2el(LF? + 1))/Ip (22 
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As might be expected, if the cathode current exhibits full shot 
noise (F = 1) the currents J, and J, will likewise do so since 
partition leaves unaffected the randomness of the original 
electron stream. 

The noises of the two currents are correlated since they 
have equal and opposite partition components (electrons 
which do not go to one electrode go to the other) and also 
have related fractions of the initial cathode current noise. 
Thus 


ibe = Gor + ipGo2 + ipa) = —2eUh/Ip) A — F?) (23) 


Hence negative correlation always exists between the current 
fluctuations at the two electrodes. This correlation must be 
taken into account when circuital or electronic coupling 
exists between the two electrodes. Only when F? = 1 does 
the correlation become zero and the noises in (1) and (2) 
can be regarded as completely independent. 

Now an analogous situation arises in an NPN junction 
transistor. The cathode current corresponds to the electron 
stream passing from the emitter into the base, the recombina- 
tion of injected carriers in the base region corresponds to the 
current passing to electrode (1) and the current carried to the 
collector to that at electrode (2). Thus if the emitter be 
assumed to have unity electron injection efficiency we identify 
a with the ratio J,/Jy. Since for normal current densities in 
semiconductors space charge effects are negligible we put 
F* = 1. The presence of a non-zero resistance in the base 
circuit results in a common impedance carrying the base 
current which will influence both the impedance and the 
noise appearing at the other electrodes. A further feature 
which does not arise in the vacuum tube is that not all of the 
collector current Jy arises from carriers transmitted from the 
emitter across the base; a relatively small component J,9 is 
due to electrons thermally generated in the base region 
diffusing across to the collector junction. This component 
generates shot noise in the base-collector circuit independently 
of the current contribution from the emitter. On the basis 
of the shot noise of the emitter current and of J. and the 
partition noise associated with current division between base 
and collector together with the thermal noise of the base 
resistance it is possible to construct a reasonably satisfactory 
model for the noise behaviour of a junction transistor at 
frequencies sufficiently high that the 1/f component is 
unimportant yet not so high that the phase angle of the 
current transmission factor « is significant.(2) 


AVALANCHE NOISE 


When a barrier region is subjected to reverse bias the 
electric field may reach the order of 10° V/cm or greater, 
and at these fields there occur phenomena which cause a 
rapid increase of current and eventual breakdown; it has 
furthermore been observed that the current is “‘noisy”’ in this 
region, becoming increasingly impulsive as breakdown is 
approached. 

One possible phenomenon is analogous to field emission 
and consists of the excitation of electrons from the valence 
band to the conduction band across the forbidden gap. It 
was first discussed by Zener in connection with dielectric 
breakdown in crystals. Similar excitation may also occur 
between impurity atoms and the valence or conduction band. 

The second type of phenomenon is the electron multipli- 
cation process which arises from collision ionization of 
neutral atoms by electrons which have acquired appreciable 
energy from the field between collisions. This process is 
analogous to the electron avalanches which can occur in 
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electrical discharges in gases, and the theory for the ioniza io i 
rate per unit path length has been given by Wolff.(3) 4 | 
McKay(!4) has studied the processes of reverse voltage} | 
breakdown in silicon and germanium p-n: junctions while})) 
Tomura and Abiko“) have investigated selenium rectifiers}} 
McKay concluded that electron and hole multiplication is} 
the important process in silicon and germanium junctions} 
while only in narrow germanium junctions is the Zener} 
emission likely to be of significance. | 
As a first approximation the noise of electron avalancheg{i 
may be treated from the point of view of the shot effe 
and it is somewhat analogous to the noise of a secondary 
emission multiplier. If 1 is the number of electrons in a 
one avalanche, the current it carries is nev where v is | 
average frequency of such avalanches while the low frequeneyy 
Fourier transform of the current impulse 7(0) = ne. T 
the shot noise spectral density at frequencies low compa 
with the reciprocal of the transit time is given by: 


S = 2vnre? = 2el(n?/n) (24 


This is the formula used by Haworth and Bozorth@® in the 
study of electron multiplication in Pyrex, and they infe 


values of n2/7 ranging from 10 to 10° as the electric field wa 
increased by a factor of 4. : 
Noise measurements™5) at 600kc/s on reverse-bia 
selenium rectifiers were interpreted as corresponding t 
values of n2/n ranging from unity (corresponding to normal] 
shot noise without electron multiplication) up to 100. 4 
In silicon junctions McKay“4 observed that at the onst 
of breakdown there appears a distinctive form of impulsive? 
noise consisting of a random sequence of rectangular current 
pulses of variable duration but of constant amplitude. 
spectral density of such a pulse train would be expected 
be of the form So/(1 + w?7?) where 1/7 is the sum of 
transition probabilities corresponding to the on-and- 
processes.{7) It is possible that the inevitable inhomogene 
of the semiconductor in the neighbourhood of the junct 
gives rise to small regions (or “‘weak spots”’) in which bre 
down occurs for lower applied voltages than elsewhere ai 


MODULATION NOISE 


The term modulation noise is applied to those proces 
in which some controlling parameter (such as temperatu 
barrier height or rate of generation of carriers) underg 
fluctuations and thereby influences the flow of current on 
collective or semi-macroscopic scale. To illustrate thi 
concept by means of an analogy, consider a vacuum tri 
having a floating grid capable of capturing electrons wh 
can leak away slowly through a high-resistance path to 
cathode. Then in addition to the normal shot effect of 
electron stream to the anode there will be grosser fluctuati 
of current due to modulation of the anode current by 
fluctuations of grid potential; these fluctuations are 
example of modulation noise and they have the typ 
characteristics of being able to exceed greatly the shot e 


and having a spectral density which increases with decreasing! 
frequency. a 

Similarly the flicker effect in a vacuum tube is due to the} 
slow random variations in emissivity of small patches of the! 
cathode surface; here the modulation is effectively one of 4) 
barrier height, i.e. of the work function of localized region 
of the cathode. 2 


In both these examples involving tubes the physical 
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fnanism involves the random arrival and departure of 
irons or ions at a controlling region (the grid or the 
ode surface). Similar effects can occur in a semiconductor 
to the motion of carriers and the diffusion of ions, causing 
‘jation in the effectiveness of potential barriers to influence 
flow of current. This implies that co-operative effects 
occurring and that the motion of carriers is no longer 
random. 

Kperimentally(° !1,18-22) the appearance of modulation 
2 becomes most marked at the lower frequencies (i.e. 
about 10 kc/s) since it has a spectral density which 
pases with decreasing frequency. 

ese low frequency studies have been made in systems 
aiing from the simplest, namely bars of single-crystal 
fnanium with potential probes, to the complicated in the 
n of point-contact diodes and transistors. In all these 
Ss there is evidence of the presence of a component having 
f” variation where n is usually in the range 1:0 to 1-1 
ther with components having the form appropriate to 
esses with a well-defined-relaxation time 7: 


© 


A B 
f* om 1 + w272 


S= (25) 


me dependence of A and B on current (or voltage) and 
keerature has not been established but there is evidence 
ft they are ‘not in general proportional to J? as is suggested 
sinsophisticated theories. Not all experimenters have 
— the same noise generator representation. The pre- 
Sie spectral density is that of the mean square current 
erator S;(f); sometimes the e.m.f. density S,(f) is used 
sometimes the available power density S,(f). 

hese various forms are related by 


SAP) = |ZD71Si(f) 
SAL) = SAPIARA) = S(NI4G(/) 


(26) 
(27) 


tre Z, R and G are the impedance, resistance and con- 
tance of the device at frequency f. An alternative to the 
lable power spectrum is that of the equivalent noise 
perature ratio defined by 


| 
Uf) = SAP /AkKTR(F) = SP)/4kTGC(f) (28) 


ese representations lead to spectral densities which 
’ with frequency, applied voltage and temperature. Thus 
n testing any specific model of noise generation it is 
lortant to choose the appropriate form in order that such 
iases as ‘“‘a 1/f component” or “temperature-independent 
le” shall be meaningful. 

1 the simplest model for modulation noise the current [ 
pnds upon a barrier height @ by a factor of the form 
\(—e¢/kT). Thus if ¢ fluctuates due to some controlling 
hmeter x fluctuating, the current fluctuations are given by 


am= (5) (yo 


(29) 


| only if db/dx is independent of J (or the applied voltage V) 
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applied voltage and the ionic density in the barrier layer. 
Hence if the ionic density fluctuates so will the barrier height 
but to an extent which depends upon the field at the contact 
and thus on the applied voltage. The measurements of 
Hyde“) on point-contact germanium rectifiers may be 
interpreted to suggest that the modulation noise current 
spectral density varies more nearly as /2V rather than as [2 
and this type of dependence can be understood in terms of the 
model just discussed. 

In bulk semiconductors such as the germanium filaments 
which have been examined experimentally in some detail, 
the mechanism for the modulation noise appears to be a 
variation of the rate at which carriers (or carrier pairs) are 
generated and recombine. Surface conditions have a marked 
effect suggesting that the modulation centres are primarily 
associated with superficial physical or chemical imperfections 
whose electrical state changes either by transitions in the 
state of ionization or by surface migration. The observed 
effect of magnetic fields on filament noise confirms at least 
qualitatively that surface sources and sinks for minority 
carriers are largely responsible for filament noise. @?- 23) 

A very general analysis of the noise due to diffusional 
mechanisms has been given by Richardson.@% It is parti- 
cularly applicable to the diffusion of ions in and out of a 
barrier region; the “‘coupling’”’ between the current and the 
spatial location of the ions is determined completely generally 
by a vector function and the diffusion of the ions may take 
place in the volume or over the surface. Various specific 
models which lead to convergent spectra do not exhibit a 1/f 
behaviour over a wide range of frequency. This type of 
behaviour can be obtained by a rather special diffusional 
model but ensuring convergence at f = o and f = oo requires 
the introduction of suitable boundary conditions for the 
coupling function. 

A different approach to the 1/f type of spectrum is to 
consider the distribution in energy of modulation processes, 
and this treatment is now presented by considering electronic 
transitions between a modulation centre and a continuous 
band. 

Consider a process in which a single modulation centre 
makes alternate random transitions between two states 1 and 2 
(e.g. unionized and ionized) and let p,» and p2, be the transi- 
tion probabilities per unit time. If such a transition causes a 
change A in the current flow in the system the relevant 
spectrum is that of a random rectangular wave. The resulting 
spectral density of the current may be derived from Machlup’s 
analysis“7) (which was applied to a different problem) and 
is found to be 


4A2y(7) 72 
T= wr? 


S(f) = (30) 


where 1/t = py2 + po, and 1/v(7) = 1/py2 + I/po. 

If the transitions involve an energy difference EF, the 
probabilities will be both proportional to exp (—E/kT); the 
ratio of the probabilities p,2/p2; is clearly the ratio r of the 
average time spent in state 2 to that spent in state 1, and is 
independent of E. If now £ can have values lying between E, 
and E, the probability distribution of 7 is proportional to 
exp (—E/kKT) and thus to 1/7 whence 


kT 1 


\the noise spectral density be proportional to /?. In many P(r) = re G1) 
sical systems, however, dé/dx will depend on J or V; (E, —E,j)r 7 In(7)/7)) 

lexample in a metal-semiconductor contact the barrier 

ht is influenced by image force or by the surface state Bid 1) = r (32) 
ve charge. Each of these controls depends upon both the Gd +r)?r 
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Thus the composite spectrum is 


72 


kT r dt 
= Le eS 
S(f) 4A E> aa E, al aE =| 1 + wT 


v1 


(33) 


AR kT r  tan~!wr, —tan~!wr, (34) 
E,—E; @ +r)? w 


where 7, and 72 correspond to the extreme cases of the 
allowable transitions with energy differences E, and Ep. 

Thus for frequencies such that 1/7, > w > 1/72 we have 
a 1/f spectrum. At extreme low frequencies S becomes 
constant while at high frequencies it behaves as 1/f 2. The 
1/f behaviour at intermediate frequencies depends on the 
Boltzmann factor in the transition probabilities, and since 
this is a general attribute it is not surprising that the 1/f 
spectral component has been found so ubiquitously in a 
wide variety of types of current noise. Note that it is not 
dependent on any assumed distribution of energy levels of 
centres. Since in fact the spectrum departs at the extremes 
from the 1/f form (and this could occur within the experi- 
mental range of frequencies) it is proposed that the generic 
form of equation (34) should be termed the “‘arctan’’ type of 
spectrum. Nothing generally can be asserted about the 
temperature since, in addition to the factor 7, the parameters A 
and r wiil also depend on temperature. 

The model just discussed may be illustrated by an example. 
Let the modulation centre be a hole trap which is either 
neutral (state 1) or negative (state 2) due to transitions 
between the centre and the valence band. Then we identify E, 
with the difference in energy level between the centre and the 
top of the valence band and E, — E, with the width of the 
valence band. The ratio r is simply b exp (—Eo/kKT) where E 
is the height of the trapping level above the Fermi level, 
and b is a spin factor which will be} or 2. The factor r/(1 + r)? 
will be small if |Eo| is large compared with kT and conse- 
quently only levels near the Fermi level will experience 
appreciable fluctuations. In this connection it should be 
noted that the total mean square current fluctuation integrated 
over all frequencies is 


(AD? = | S(f)df = A?r[A +r)? 
0 


which is, as expected, the variance of a quantity which can 
assume the values 0 or A with probabilities 1/(1 + 7) and 
r/( +r) respectively. 

The mean square fluctuations in the number of carriers or 
ions in a semiconductor can also be calculated either by a 
purely statistical argument using the Fokker—Planck approach, 
or in the case where thermodynamical equilibrium applies by, 
the application of the Einstein free-energy method. These 
methods have been discussed in a recent paper” and shown 
to be consistent; particularly simple asymptotic results may 
be derived when the numbers involved are large as is usually 
the case. 


(35) 
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If a variety of modulation centre levels occur, the spectru 
will contain as many terms each having the form 0} 
equation (34). But so long as w is between but remote fre 
1/7, or 1/72 for each of these levels the 1/f type of spec 
is obtained for each individual centre as well as for 
aggregate. The distribution of relaxation times necess 
for this type of spectrum arises simply from the existence 
continuous bands (conduction or valence) to which transiti 
can be made, be it only from a single bound level or seve 
However as mentioned above the greatest weight will be givel|®: 
to those levels which lie near the Fermi level. ; 
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some already established fields. 


sing interest has been shown in reflexion electron 
scopy during the past few years, and it has been found 
kthe technique has a number of definite ‘advantages in 
fal specialized fields. One of the most important 
tages lies in the examination of surface finish, where the 
;ities encountered often have a very low angle of slope 
so cannot be revealed by transmission replicas. 2) 
‘xion electron microscopy could also be used in the 
eination of crystal surfaces, e.g. for measuring the slopes 
| A further advantage is to be found when 
Chapman and Menter have shown that 
sesirable to be able to view a fibre in its entirety in order 
bin a clear picture of its general topography.©) They 
Hed out that the limited resolution and depth of focus of 
E.sht microscope renders it unsuitable for this purpose, 
hat the small field and higher resolution of the trans- 
on electron microscope only allows an examination of 
fine surface detail without giving a clear picture of the 
aS a whole. 
ie reflexion technique embraces the additional advantage 
the actual specimen can be examined, but this factor 
tself impose severe limitations, because it is not possible 
lace many objects in the electron microscope. For 
ple, no crystal which is volatile in a vacuum can be 
ined; a specimen of low thermal conductivity will over- 
in the intense electron beam required to give adequate 
ie intensity, and large specimens must be cut up before 
jcan be mounted in the electron microscope, so preventing 
| examination at subsequent stages in any experiment. 
4, in many cases where the unique advantages of the 
kion method are required, they may well be precluded 
use, for one reason or another, it may not be possible 
xamine the specimen directly. With a suitable replica 
i these difficulties could be overcome, hence 


loscopy, and simplifying its use in fields already established. 
he requirements which a reflexion replica has to satisfy 
lof course, quite different from those of a transmission 
ica. Firstly, the reproducibility of the replica need not 
o highly accurate as that of the transmission replica, 
|, at present, the reflexion method itself has a limit of 
lution of about 250A. Secondly, the replica must be a 
i electrical conductor in order to prevent the accumulation 
fharges. Thirdly, it must be as thick as possible so that it 


{t has been pointed out that strictly the term “reflexion” 
ton microscope is incorrect, as the instrument is a “dark- 
> electron microscope operating at grazing incidence. It has 
retained here at the author’s request in view of its general 
tiion in the literature.—Editor. 
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A replica technique for “‘reflexion’’ electron microscopy 
By D. E. Brap.ey, Associated Electrical Industries, Ltd., Aldermaston, Berks. 
[Paper first received 10 February, and in final form 11 March, 1955] 


Specimens of low thermal conductivity which are damaged by heat cannot easily be examined 
in the reflexion electron microscope. The paper describes a replica technique which allows the 
surface topography of such specimens to be reproduced in a silver surface. This can then be 
observed at the full intensity of the electron beam by the reflexion technique. 

The application of the new technique to the examination of fibres, crystals and biological 
specimens is considered. The results obtained show that the use of replicas considerably 
widens the scope of reflexion electron microscopy, and simplifies the examination of specimens in 


can conduct away the heat generated when the electron beam 
impinges on it. Fourthly, the general plane of the replica 
must be perfectly flat, otherwise much of the specimen will 
be shielded from the low-angle electron illumination. Finally, 
it must be mechanically stable so that there is no distortion 
due to thermal expansion effects. The technique described 
below produces a replica which satisfies all of these conditions. 


THE METHOD 


The replica is of the two-stage type, with a plastic first 
impression and a silver final replica, which is subsequently 
thickened with electro-deposited copper.) The various stages 
are described in detail below. 

Gi) A preliminary mould is made in a plastic block. The 
most satisfactory material so far encountered is Celastoid 
(a proprietary brand of cellulose acetate manufactured by 
British Celanese Ltd.), which is supplied in sheet form, the 
most suitable thickness being 0-040 in. A small square is 
cut from the sheet and moistened with acetone. The specimen, 
also moistened with acetone, is then pressed on to the plastic 
with sufficient force to exclude all air bubbles. After about 
ten minutes, the specimen is pulled away from the plastic. 
This setting period is very short because the acetone appears 
to disperse into the Celastoid in some manner, rather than 
dry by evaporation; it is this property which makes the 
material particularly suitable for the purpose. 

(ii) The final replica, which is of silver, is now deposited 
on to the Celastoid by vacuum evaporation. In this operation, 
it is important that the Celastoid blocks are thoroughly 
degassed, and that the vacuum in the evaporating apparatus 
is good. The layer of silver should be as thick as possible. 
A suitable deposit is given by evaporating 0-15 g of metal 
from a molybdenum boat at a distance of 5cm from the 
specimen. Heat radiation from the boat must be kept as 
low as possible during the initial stages of the evaporation, 
otherwise the first cast may be damaged. 

(iii) The silver replica must now be strengthened so that 
it is sufficiently robust for examination by reflexion. This is 
carried out by electro-depositing copper on to the back 
surface while it is still mounted on the Celastoid. A copper 
sulphate-sulphuric acid electrolyte is used, and the replica 
is suspended in it with the silvered surface facing the copper 
anode. The cell should be electrically connected before the 
specimen is immersed, and adjusted to give a current density 
of about 4mA/cm? of cathode. After half an hour, this 
value is increased to 10 mA/cm?. The final thickness of the 
copper deposit should be about 0-005 in.; this is achieved 
after about four hours at the higher current density. 
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(iv) After the deposition of the copper, the combined 
replicas are removed from the plating bath and washed in 
distilled water. The silver-copper foil is then separated from 
the Celastoid by cutting round the edges of the plastic block 
with a sharp knife, teasing up the edge of the replica and 
then peeling it away by means of a pair of forceps. After- 
wards, the silver surface is carefully rinsed in distilled water 
followed by methylated spirits, and then dried in a hot air 
stream. 

Sometimes a fine copper deposit may be found on the 
structure surface of the foil. This can be caused either by 
(a) a porous silver deposit due to a poor vacuum in the 
evaporating apparatus; (6) the distortion of the Celastoid 
before it is immersed in the plating bath, causing the loosening 
of the silver layer; (c) the use of too high a current density 
during the initial stages of the plating; or (d) the use of too 
thin a sheet of Celastoid, also causing loosening of the silver 
but, in this case, after immersion in the bath (the reason for 
this being that the plastic bends slightly when it has been in 
water for a long period). This copper deposit appears as a 
very fine structure in the electron microscope. It can, how- 
ever, be removed by returning the foil to the plating bath 
after separating it from the Celastoid. The replica is made 
the anode of the cell, which is run at a current density of 
2mA/cm2 of anode. The foil should be immersed in the 
bath for half-minute intervals until the deposit has dis- 
appeared. No residual structure has yet been observed 
after carrying out this operation, but the silver layer may be 
loosened from the copper backing if too high a current 
density is used. 

(v) The only satisfactory method of mounting the foil 
has been found to be mechanical; if solder is used, the flux 
generally spreads over the silver surface, from which it is 
very difficult to remove. Wood’s metal melts after a short 
time in the microscope due to heating in the electron beam. 
Other adhesives, such as Formvar and Collodion, have been 
tried, but they do not give a sufficiently good thermal contact 
between the foil and the peg upon which it is mounted. Asa 
result, the plastics become charred and the replica falls off 
its support. 

The specimen stage of the electron microscope used for this 
work was designed to accommodate a short 4in. diameter 
metal rod as a reflexion specimen. Such a rod was used as 
the support for the reflexion replica. A flat was filed on 
either side of the circumference of the rod, and each flat 
drilled and tapped for a 10 B.A. clamping screw, as shown 
in Figs. l(a) and (5). The foil is most easily mounted in 
close contact with the flat end of the rod by cutting it into a 
strip 4 in. wide, attaching one end of this to a clamping screw 


foil 


(a) b) (c) 


foil foil 
pee Clothe: een whee clothe 
(d) (e) 
Fig. 1. Replica holder 
(a) Plan view. (b) Side view. 


(c) Foil attached at one end. (d). Foil flattened against{cloth. 
(e) Foil correctly mounted. 


_ can be employed. This permits a higher resolution 
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[Fig. 1(Q], bending the foil over the edge of the peg 
pressing it on to the flat surface against a soft cloth (Selvy# 
by Hollins Mill Co.), as in Fig. 1@). The loose end of 
foil 1s cut short and attached to the holder, as shown jj 
Fig. 1(e). | 
Before examining the replica in the electron microscope, 
should be washed in water and then in methylated sp. 
If desired, a more efficient method of cleaning can be emplo 
a thin film of Formvar may be cast on the surface and rem: 
with cellulose tape as soon as it is dry. It should be poi 
out, however, that this procedure may possibly break @ 
large, fragile portions of the replica. The replica can thg)| 
be examined in the electron microscope like any ordinam 
metal specimen. = | 
A slight modification to the method of preparing | 
Celastoid cast is necessary when replicating fibres. The b 
of Celastoid is first moistened with acetone, and the fibre 
placed on it. A circular metal disk is now pressed on to 
fibre, thus pushing it into the softened plastic. The ca 
is allowed to dry as before, and then the metal disk is remo 
After the fibre has been pulled away from the Celastoid 
deposition of the silver is carried out as described above. ]}p 
the case of weak fibres, best results are obtained by twistit 
several filaments together and adopting the procedure 
thick fibres, but a single strand may be replicated by moiste 
the Celastoid, placing the fibre on it, and allowing it to 
without using the metal disk; it is then possible to remi 
the filament without breaking it. 
The examination of fibres by this method is, of cours 
limited to those which are not soluble in acetone. How 
it is possible to use glacial acetic acid in place of the acetoni- 
and if necessary the Celastoid might be replaced by ano ‘hi: 
plastic such as Perspex. i! 


EXPERIMENTAL RESULTS 


Fig. 2 illustrates the correlation between the replica an 
the original surface. The feature examined in this case wild 
a scratch made with a sharp needle on an abraded copps 
surface. Such a feature is particularly suitable for th!’ 
purpose of assessing the fidelity of the replica, since 
fine and coarse structures are present. Fig. 2(a) is a mi 
graph of the original, and Fig. 2(5) shows the same 
onareplica. It can be seen that even the finest detail reso 
is accurately reproduced; at the same time, the coarse stru 
on the edge of the track is present in an identical form 
each case. There is a slight difference in the appearance 
the two pictures, but this is due to a small difference in 
respective angles of illumination. 

The application of the method to the examination () 
specimens which cannot be viewed.directly in the microscof): 
is illustrated in the remaining figures. Fig. 3 shows a re Lie 
taken from the surface of a cleaved sugar crystal (suppl 
by Tate and Lyle Ltd.). The cleavage steps are clearly sh 
while the remainder of the surface is extremely smooth 
this case, the cleavage face was very uneven, so that o: 
limited portion of the replica could be examined under 
angle illumination, the remainder being obscured in shade 

The use of replicas in examining fibres by reflexion elect 
microscopy overcomes the severe practical diffic 
encountered when this type of specimen is examined directly 
Because there is no possibility of false structure being 
duced by the action of the electron beam, the full int 


attained, since a much smaller objective aperture can be 
in the microscope, and also the elimination of very 
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laf } 


(a) Original specimen (x 950). 


Fig. 2. Needle scratch on abraded copper. 
6, = Digs 0, = 6° 


(6) Celastoid-silver replica (x 950). 


Fig. 3. Reflexion replica of the cleavage face of a sugar 
crystal 


01 = 2°; 02 = 6°. (1400). 


pip 
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Fig. 4. Reflexion replica of a Nylon fibre 
6, = 14°; 62 = 64°. (1000). 


Fig. 5. Reflexion replica of a cluster of Bemberg 
filaments 


6; = 3°; 02 = 5°. (1000). 


SSS ae 


= >= 


= 


if 

| 

i 

Fig. 6. Reflexion replica of the compound eye of a \ 
housefly I 

0; = 25 02 = 6 (x 1000): i 

it 

i 
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pgraphic exposures prevents loss of resolution by 
en movement. 
ss. 4 and 5 show replicas of two different types of fibre. 
4 illustrates a 25 w filament of Nylon, and Fig. 5 shows 
jal Bemberg filaments twisted together. 
le reflexion replica should permit the examination of 
n biological specimens. To demonstrate the possibilities, 
\lica of the surface of the compound eye of a housefly 
»repared in the manner described for weak fibres. Under 
| examination, the eye appears as a large number of 
eonal, light-sensitive cells arranged in a manner similar 
‘honeycomb. The surface of each cell is curved, and 
: |'d it be desirable to measure the radius of curvature, the 
iest method would clearly to be to obtain the value from a 
jion electron micrograph such as that shown in Fig. 6. 


CONCLUSIONS 


= use of replicas in reflexion electron microscopy con- 
‘bly widens the scope of the method. Many specimens 
p cannot be subjected to electron bombardment can be 
fined and the cutting-up or demounting of large mecha- 
! objects is avoided. This allows the examination of a 
area of a specimen to be carried out at successive stages 
~g, for example, wear experiments or chemical etching. 


y 
t 


lproblem of avoiding resonance occurs in many fields of 
smporary engineering. For example, electronic ampli- 
must be free from tendency to sustain parasitic 
ations. Again, anti-vibration mountings should be 
|damped to be fully effective. The problem is parti- 
ly relevant to systems incorporating negative feedback, 
t as automatic control systems. These are well known 
i prone to undesirable hunting, and it has recently been 
bsted that they should be not merely stable but also 
Hodic.(t.2 

le present paper is intended to contribute to the theory 
; ch systems, by giving the necessary and sufficient con- 
ns for complete aperiodicity. The usual assumption is 
b that the systems can be treated as linear. It emerges 
Wentally that the conditions required are also those for the 
hce of complex roots from a polynomial equation. They 
thus of academic interest as well as practical importance. 
| were mentioned®) in connexion with stability problems 
ing ago as 1879. 

,e solution is given in terms of a number of simple 
tminants involving the coefficients of the polynomial. 


low at Department of Engineering, University of Cambridge. 
bL. 6, JUNE 1955 


A replica technique for “reflexion’’ electron microscopy 


In addition, the direct examination of the specimens produces 
a carbon deposit©) over the area under consideration, which 
seriously affects the mechanical or chemical treatment, but 
the use of a replica avoids such difficulties. 
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Conditions for aperiodicity in linear systems 
By A. T. FuLier, M.A.,* Waymouth Gauges and Instruments Ltd., Godalming, Surrey 
[Paper first received 23 June, and in final form 10 December, 1954] 


The necessary and sufficient conditions which a linear system must satisfy to be completely 
aperiodic are derived. They may be expressed in terms of either the roots or the coefficients of the 
characteristic equation. In the latter case, the conditions take the form of a number of simple 
determinantal inequalities which are closely analogous to the Routh—Hurwitz stability criteria. 


It is interesting to note that these determinants are closely 
analogous to those of the Routh-Hurwitz criteria,4.5) which 
express the conditions for stability. 


DEFINITION OF APERIODICITY 


The response, R(f), of a linear system to an input may be 
put in the well-known general form: 


RQ) =" eat ss Coe C082 a). a 
+ D,e8% sin (w,t + 6;) + Dye! sin (wt + 45) 
+ Dje® sin (w3t + 43) +... (1) 


where ¢ is time, and the other symbols represent real con- 
stants which may be readily calculated by Laplace transform 
methods. Let us call the separate terms such as C3e% 
and Dy,e®:! sin (w,t + 9,) the exponential-components of the 
response. Equation (1) shows that, in general, these are of 
two types: (a) those that vary exponentially with time; and 
(b) those that vary both exponentially and periodically with 
time. When type (b) are absent it is appropriate to call the 
response an aperiodic response. 
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A further result from simple Laplace transform theory 
is that some of the exponential-components in the response 
are contributed by the input, and some by the system. Hence 
an aperiodic system may be defined as a system which contri- 
butes no periodic exponential-components to its response to an 
input. The adoption of this definition is to some extent 
justified by the following consequent properties: 


(i) an aperiodic system has aperiodic response to any 
aperiodic input; 

(ii) the alternative and intuitively acceptable definition, 
that an aperiodic system is one which has aperiodic response 
to an impulse function, is mathematically equivalent to 
the adopted definition (since the response to an impulse 
function contains only exponential-components contributed 
by the system); 

(iii) aperiodicity is a state of the system as a whole, 
its presence or absence being unaffected by the choice of 
the points at which the input is applied and the response 
measured. 


To prove this, note that each aperiodic exponential com- 
ponent Ce“ contributed by the system corresponds to a 
teal pole « of the transfer function between input and 
output; and similarly each periodic exponential-component 
De** sin (wt + @) corresponds to a pair of complex conjugate 
poles (8 + jw) and (8 — jw). (This follows from elementary 
Laplace transform theory.) Hence aperiodicity is deter- 
mined only by the poles of the transfer function and is 
independent of the zeros. Now the transfer functions for 
the various possible sets of input and output points may be 
found by solving the simultaneous linear equations of the 
system. The usual process of elimination (Cramer’s rule) 
then gives each transfer function as a ratio of two deter- 
minants, the one in the denominator being the same for all 
the transfer functions. Hence all transfer functions in a 
given system have the same poles, so that the determination 
of aperiodicity is independent of which particular set of 
input and output terminals is used. 

Incidentally, instability has the same property of being a 
state of the system as a whole; and therefore the present 
definition is especially appropriate when aperiodicity is being 
considered as an indication of remoteness from instability. 

It is as well to point out that aperiodicity does not ensure 
_ that responses to step or impulse functions will be free from 
overshoots. This is because the occurrence of overshoots 
depends not only on the poles but also on the zeros of the 
transfer function. (At first sight it might appear that a 
criterion of aperiodicity based on overshoot would be 
preferable. But examination of such criteria shows that they 
cannot retain the above property (iii), owing to their 
dependence on the zeros.) 


BASIC CONDITIONS FOR APERIODICITY 


Since any periodic exponential-components contributed 
by the system are due to the complex poles of the transfer 
function, it follows from the above definition that: the 
necessary and sufficient conditions for a system to be aperiodic 
are that each of the poles of its transfer function should be real. 

For comparison, the well-known conditions for a system 
to be stable are that each of the poles should have its real 
part negative. 

The basic conditions for aperiodicity obtained above are 
not usually suitable for direct application to practical 
problems, as they require the poles of the transfer function, 
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ie. the roots of the characteristic equation, to be evaluate 
This is a tedious process if the order of the equation is mo. 
than two; and it is well-known that an exact formula for t 
roots is not available if the order is more than four. / 
difficulty may be overcome by expressing the conditions f or || 
aperiodicity in terms of the polynomial coefficients in t 
characteristic equation, as will be shown in the next section, 
(It is easy to evaluate these coefficients by conventional rules, 
e.g. Kirchhoff’s laws in the case of electrical systems.) 


' 


DERIVED CONDITIONS FOR APERIODICITY || 


an | 
The characteristic equation, f(p) =0, is obtained by) 
equating the denominator of the transfer function to zer af 
so that 
f (0) = 4 GP + Pee OP (2 


A 
} 


where p is the operator representing differentiation ane 
do, 4, ..., a, are known real constants. 

The nature of the roots of a polynomial may be investigat 
by means of Sturm’s theorem.) As applied to equation 
this states: the number of distinct real roots between p = 
and p = v (where v > uw), is equal to the excess of the number jj 
of changes of sign in the sequence fo, f,,...,/, when p = 
over the number of changes of sign when p = v; where 


f 
i 
I 
13 
a 


fo =f (P) 
A=) 
fo = — (remainder obtained on dividing fo by /,) 
ff; = — (remainder obtained on dividing f, by /)) 


etc. 


It has been shown that the sequence fo, fj, ...,/,, may be! 
replaced by various other simpler sequences, involving the} 
use of determinants.) Cayley®) in 1848 was the first to give) 
such a sequence; but that due to Trudi@® is slightly more} 
convenient for the present application. According to Trudi) 
we may replace the sequence fo, fi,...,f, by the sequencell, 
Fo; Fy «> 5 Fy, where: 


Fo = 1 
an G4 3 
F,=|. na, 1 
(a-— I)a_y P 
an, ani an_2 an_-3 
a, ani a) 0 
: , na, (1a 
F, == 
: na,, (hare, =a eP 
(n ons I)a,_; (n oom 2)ay_2 (n rae 3)ay_3 Pp 
etc: 


Now it follows from the previous section that, for aperio~ 
dicity, the number of real roots between p = — oo and| 
Pp = + co must be equal to n. Hence the conditions for| 
aperiodicity are that there must be m more changes of sign) 
in the sequence Fo, F,,..., &, when p = — oo than whe 
p=-+ 0: 

When | p| > oo, only the highest power of p in each deter- 
minant need be considered, i.e. the sequence approaches: | 


Ao, Ajp, App’, ees Ap” (5) 


Ag =] ‘) 
a a 
A, aus n n—1 
na,, 
{ 
ay, Gn Gn-2 an_3 a9) 
a, Gn -1 ay,_2 
Ay =|. : nay, (@— l)a,-; 
na, (a — l)a,-, “m— 2)a, > 


Consider first the case when Ag, A;,.. 
Then the signs of the sequence Fo, Fj,.. 


., A, are all positive. 
jl, rare, from 


for (pi — ee) et oy we) > Fy 
ind for p = CO: } ry } cyl) } > 9 SP aio ae 
Here, there are m changes of sign in the sequence for p = — ©, 


tnd none for p = + oo. Hence f(p) has n real roots, so 
nat the system is aperiodic. Note that, in this case, the 
pumber of changes of sign in the sequence for p = — oo is 
‘he maximum obtainable, since a change of sign occurs in 
very pair of adjacent terms. 

When, on the other hand, some of Ap, Ay,..., A, are 
segative, there are some pairs of adjacent members, in the 
tequence for p = — oo, that have no change of sign. Hence, 
4 this case, f(p) must have less than 7 real roots, so that the 
stem is periodic, 

| Thus the conditions for aperiodicity are that Ap > 0, 
li, >0,..., 4, >0. From equations (6) the first of these 
ls always satisfied. Further, the other inequalities may be 
ivided by a, since this is a factor of Ay, A2,..., A, Hence 
he conditions are: 


if a,>0: A,/a, > 0, A2/a, > 9, -. +, 4,/4, > 0 | 
and (7) 
a, <0: A,/a, <0, Apia, <0, ...) Apia, <0 J 


From equations (6), 4,/a, =a, Therefore the in- 
Pqualities involving A,/a, in expressions (7) are always 
satisfied, and are hence redundant. Also, it is superfluous to 
ispecify the conditions when a, < 0; since a, may always be 
imade positive, if necessary by multiplying the characteristic 
bquation by (—1). Considering the remaining conditions in 
isxpressions (7) and substituting from equations (6) we have: 
he (n — 1) necessary and sufficient conditions for aperiodicity 


| 2, Gams Ce 
na 


‘ i (n—l)a,_,|> 9, 
mga, (n—1)a,; (n—2)a,_> 


a, Gn _| an _2 An _3 an _4 
ay, Gn an _2 an _3 
na, (n—l)a,_, (n—2)a,_2 SO; 
: na, (n—1)a,_, (n—2)a,_2 (N= 3)G 23 
na, (n—l)a,_; (—2)a,_2 (n—3)a,_, (n—4)a,_4 
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Conditions for aperiodicity in linear systems 


n n=) 
a, . 
| 
| 
| 
ay aA 3 
ay ao 
> 0, 
2a ay, 
. 2a a 
! 
| 
] 
| 
; na, 
na, Gi lage, CS a a a < 


(8) 


where the sign of a, is to be taken as positive [if necessary by 
multiplying the characteristic equation by (— yi 

It is interesting to note that the first of these determinants 
is a minor of the second, the second is a minor of the third, 
and so on. Thus, for a fourth-order system, each deter- 
minant is formed of all the terms inside one of the dotted 
frames of the following array: 


(tag ee arr at ee aaa eats domes agai) ote Age Sy ee = 
| 1 
I d, dq; cep) dq, dg e ° : 
| Se ee 
' | 
0 a, a, a, q, do 0 
\ 
] Merce eR in tee eee 
Pr ete ae 4 : 
7 Oa ng GS sng oer aos 
| \ \ } 1 
Ciena ] 
1 : | | ! 
e s e H 4a, 3a, 205 q; 
1 
! oe ! | 
t ! | ! 
; ° e ' 4a, 3a; 2a, ! qd, © 
| ! 
; \ - Face = sell | 
| ) a \ 
ipa foie gcseromen ach) a, Peet 
(Sea e eae Dette ee ' 
! 4 4 
TAL Tey ake jee se Aopm arnt ° . ee 
es ee Sees Sa os = =— a =) 


(9) 


(The innermost frame of array (9) corresponds, not to one 
of the necessary conditions, but to the premise that a, > 0.) 

By rearranging rows and columns, other arrays which are 
equivalent to array (9) may be derived. Possibly the most 
preferable is array (12) (in the next section) since this has the 
terms in each row arranged in order of subscript. 

Finally, by applying Descartes rule of signs to the 
characteristic equation, we find: the necessary and sufficient 
conditions for a system to be both aperiodic and stable are 
that the determinants in expressions (8) and do, 4%, - - +» % 
must all be positive. 


COMPARISON WITH OTHER CONDITIONS 


The necessary and sufficient conditions for a system to be 
stable are given by the well-known Routh—Hurwitz criteria.4, 9 
For a fourth-order system (by way of example) these state 
that the four determinants, each formed of the elements 
inside a dotted frame of the following array, must be positive: 
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ters cote ee et ee te -H- 5 \ 
‘i e------------- 7 1 ' 
les oe ee t ' ( 
of x I ! ' 
' f i 
init q; } qd, 1 - 2 
: \ 
ch SoS a 2 ' 
it d, Os fis AO sleemcenan 
4 \ | \ 
To Se 
in ° az q, e ) 
Rolie ag tees ka eee . 
i) 
: ay Coen aes 
I 


; (10) 


To facilitate comparison of arrays (9) and (10), the rows of 
the former may be rearranged, as follows (array 11): 


Dn MRoR hee eee oe a ae ql { 

We Soe ee eee ee ene an | 

ficial I : ! | 

bit; 4a, | 3a, 202 >! - a, ae ee ta 

| eee a | \ 

pa, 

I | 4 a3 a, 4 Cowl ine we 
] 

| ! I 

| ° 4a Sac? ng ~ | 

es) 4 a; ; 4d, q) | 

[he 

p | &---------------- - 

ox! } 

ey : a4 a3 ror) Ceo ° 

|| | 

\ | 

: ° 4a, 3a; 20 Q, < 

He entree i ee, ys ot ae eee Sy SNe ea = 

° ° a4 3 Q2 q, do 

| 

_ . ° 4a, 3a; 20> Cis} 

SE Sa pean ela ae a8 a ot evi exept 3 


The similarities between arrays (10) and (11) show that 
the criteria for aperiodicity are closely analogous to those 
for stability. 

Another condition of interest in linear systems is that of 
quasi-critical damping. ‘This has been discussed in a previous 
paper, where it was shown, for a typical control system 
application, that the relevant mathematical requirement was 
the vanishing of a certain determinant. The latter is, in fact, 
the same as the last determinant appearing in expressions (8), 
though with a trivial rearrangement of rows and columns. 
As applied to a fourth-order system, this rearrangement 
corresponds to turning array (11) through two right-angles 
in its own plane, as follows (array 12): 
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CONCLUSIONS 


The necessary and sufficient conditions for a system to 
aperiodic are that each of the roots of the characteristic 
equation should be real. Alternatively, expressed in terms | 
of the polynomial coefficients, the same conditions are that |; 
the (n — 1) determinants 


a, ani a) 

na, (n ay ‘Da, _ ? 
na, (i= Was 2 ages 
a, ay a, 2 @n_3 Gnd 

a, Qn} a, 2 rn | 

Nd, (n — l)a,_, (1 — 2)dq_2)5 
na,  (@— I),_, (1 — 2)a,_2 (2 — 3)aq_a) Vf 
na, (n—1)a,_, (n—2)a,_, (@@—3)a,_3; 4)an_4 i : 
etc., 


should be positive (where a, is to be taken as positive). 
For a system to be both aperiodic and stable, it is necessa 
and sufficient chat the same conditions should be satisfied Dl 
and that, further, a, a,, .. ., 4, should all be positive. 
Other convenient forms of these determinants may be i 
derived. 4 | 
The conditions for aperiodicity are closely analogous to }) 
the Routh-Hurwitz criteria for stability. One of them i ) | 
applicable to the determination of quasi-critical damping in 
certain systems. ; 
») 
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1. INTRODUCTION 


“he fabrication of goods from polythene by extrusion and 
Hher processes involves continuous shearing above its 
Felting point, and it was the object of the present investi- 
Hadon to study its rheological behaviour under such con- 
htions. Previously published work on the shearing of high 
folymer melts has usually been conducted at non-uniform 
tates of shear, and has taken no account of the normal 
fomponent of stress, but Pollett and Cross“) have described 
i rheometer intended to rectify these shortcomings, and this 
pas been used for the present investigation. 


| All experiments were carried out on a commercial grade 
i polythene (Alkathene grade 7) containing 0:1% of anti- 
xidant. The sample at the desired temperature was sheared 
et a substantially uniform rate between a conical rotor and 
Inlane stator, on which the torque and axial thrust could be 
easured by their action on calibrated helical and leaf 
porings respectively. Shear recovery was measured by the 
hngular recoil of the rotor when the drive was suddenly 
Hisengaged. Temperatures ranged from 117-5 to 190°C, 
and shear rates from 0-1 to 9-8s~!. The rotor used in 
early all the tests had an apical angle of about 170°; in a 
Few instances one was employed having an angle of 177°, 
put was less satisfactory because of the reduced axial move- 
ent that could be tolerated. The polythene was allowed 
to stand for at least ten minutes after being moulded in the 
Htest space, before commencement of a test, and consistent 
esults were obtained when this procedure was followed. In 
; ests involving prolonged heating above 140° C the sample 
, as protected from oxidation by a surrounding atmosphere 
lof nitrogen. 

| In the original version of the rheometer a manually- 
operated micrometer head was used to maintain the stator 
bubstantially in its initial position. This was used in most of 
ithe present work, but did not permit the rapid changes of 
istress to be followed during the early stages of shearing at 
Ithe higher rates. or the later experiments the apparatus 
was therefore modified to enable stiffer leaf springs to be 
used, which limited axial movement of the stator to less than 
10-005 cm, and the effect of this on the mean rate of shear 
could be ignored. The friction acting on the stator spindle 
hvas reduced to a low level by the introduction of air bearings, 
I Ad an optical lever replaced the dial gauge, enabling stator 
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2, EXPERIMENTAL PROCEDURE 


~ Rheological behaviour of continuously sheared polythene 


By W. F. O. Pottett, M.Sc., A.R.ILC., W. T. Henley’s Telegraph Works Co. Ltd., Research Laboratories, 
Gravesend, Kent 


[Paper first received 10 January, and in final form 28 March, 1955] 


A commercial grade of polythene has been tested between its melting point and 190°C at 
constant shear rates from 0-1 to 9:8 s~1, A disk-and-cone rheometer was used, and an improved 
technique introduced to provide a complete picture of the pressure distribution in the flowing 
melt by measuring each normal and tangential stress component individually. Changes of great 
complexity occurred with increasing shear, and varied with temperature and rate of shear, but 
simple relations could be established between the stress components and the measured strain 
recovery. These relations were not much affected by the imposed conditions and were in 
reasonable agreement with Weissenberg’s theory when account was taken of an appropriate 
correction to his calculated recoverable strain. Moreover, the normal stress component in the 
axial direction was shown to be equal to that in the radial direction, in quantitative agreement 
with Weissenberg’s theory. Changes occurred in the material during shearing, and increased 
with the applied shear and with the stress, but were reversible and vanished on resting. The 
observed behaviour is attributed to successive structural changes in the polymer, and an attempt 
is made to define equivalent structural states produced at different rates of shear. 


displacements to be measured to about 10-°cm. By the 
inclusion of a rotating shutter in front of the lamp, a series 
of light spots, corresponding to a rapid change of normal 
stress, could be projected on to the scale, and photographed 
by a suitable time exposure. As rotation of the stator against 
the helical springs at the start of shearing reduced the rate 
of shear, this was prevented in tests concerned with this 
stage by the replacement of the springs by inextensible links, 
or, if torque too was to be measured, by pre-tensioning the 
helical springs. 

Generally, the chief source of error was loss of sample 
from the test gap owing to departures from a completely 
symmetrical stress distribution (at the higher stresses) or to 
flow under gravity (mainly at the higher temperatures). 
Often it was necessary to counter this by occasionally pushing 
the material back with a spatula warmed to the test tem- 
perature. Errors from this cause produced some scatter in 
the results, especially at high shears, and this was more 
pronounced for the tangential traction, since torque varies 
as the cube of the sample radius, whereas axial thrust depends 
only on its square. Slip between the polymer and metal was 
shown to be absent by including in a sample a sector of 
pigmented polythene. Following a known number of 
revolutions of the rotor, the material was cooled and sectioned, 
and the number of coloured layers counted under the 
microscope. This also served as a rough check on the 
uniformity of shearing. If after a few turns of the rotor, 
the stator was allowed to drop, say, 0-01 cm, the uniformity 
of spacing of the coloured layers was unaffected, indicating 
that flow due to the axial movement was essentially towards 
the apex of the cone. The temperature rise due to shearing 
was generally negligible, but, under the most severe condi- 
tions, a maximum rise of approximately 1° was observed, 
in fair agreement with the calculated value. 


3. DETERMINATION OF STRESS COMPONENTS 


3.1 Theory. When an element of material is deformed in 
simple shear in the x direction and in the xy plane, normal 
tractions p,.,., Pay and p,, may develop. Under the con- 
ditions of the experiments the compressibility of polythene 
may be ignored, so that it is immaterial if a hydrostatic 
pressure equal to —p,, is imagined to be superimposed, 
making the normal tractions p,,. —P,,; Pyy — Pz, and 0. 
It will be convenient to put: p,. — Pz, = Pas Pyy — Bez = Ves 
Pxy = P,. , The value of p, is directly calculable from the 
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torque, but the axial thrust on the stator depends on both 
P,, and p,. 
Equation (4h) in reference (5) may be written: 


(1) 


Since the rate of shear and therefore the values of p, and p, 
are independent of the radius r, equation (1) may be inte- 
grated, and the boundary condition introduced that p,, = 
—p’ at r = R, where p’ is the atmospheric pressure and R 
is the radius of the stator. This gives: 


Pez = (Py + Pe) In (*/R) — PD (2) 


Substituting this expression for p,, in the relationship p,,, = 
P. +P, and integrating over a circular area of radius r; 
concentric with the stator, gives the thrust F,, acting on it as: 


F, = mrp, +p) In (Riry) +40, — Pd) +P] B) 


dp,,/d Inr = Py, + De 


For r,; = R the logarithmic term vanishes. Thus p, and p, 


may be determined separately if the thrust on the whole 
stator, and on a smaller circle concentric with it, can be 
measured simultaneously. 


3.2 Measurement of p, and p,. This was done by means 
of a special stator having a central disk of radius R/2 fitted 
into a circular cavity and supported by three symmetrically- 
disposed radial steel wires. The radial gap between the 
disk and the main part of the stator was only about 0-002 cm 
so that flow of polythene through it was negligible. The wire 
supports were adjusted so that the upper surface of the disk 
should be practically coplanar with that of the stator body 
at the working load. The disk formed one plate of an air 
condenser, being separated by about 0:025cm from an 
insulated ring inside the stator. The variation in capacity 
accordingly enabled the thrust on the central disk to be 
determined at the same time as the total thrust on the stator 
was measured by means of the leaf spring in the usual way. 
Some difficulty was experienced in gripping the wire supports 
securely because of the limitations of space, but the method 
proved adequate for values of 7, up to 4 x 10° dyn/cm?. 
In view of equation (2) this technique permits the deter- 
mination of the complete pressure distribution in the flowing 
melt, which had not hitherto been possible with material of 
such high viscosity. 

Weissenberg’s theory?) predicts that p, = py, — pz; = 0 
for all temperatures, rates and amounts of shear. In a 
series of tests at 3:5 and at 1-0s~! at temperatures between 
128 and 143°C, this was confirmed for molten polythene 
within the limits of experimental error (+ 3% of p,). The 
relationship had previously been confirmed by Russell™ and 
by Roberts®:® for various viscoelastic solutions subjected to 
stationary rates of shear, while evidence of a finite difference 
between p,, and p,, had been reported by Rivlin” and by 
Treloar®) for vulcanized rubber subjected to large static shears. 

In the main series of tests the normal stator was used, and 
P,- was then assumed to be zero, so that p, = 2F/7R?, where 
F is the measured thrust. 


3.3 Effect of axial stator movement. When appreciable 
axial movement of the stator occurs during a test, this super- 
imposes on the main shearing a variable shear velocity in a 
radial direction. If can be shown for a Newtonian material 
that when the apex of the cone is close to the disk and the 
angle « between the surfaces is small, the mean magnitude 
of the radial shear velocity throughout the sample is 9u/4R«?, 
where uw is the axial velocity. This may be taken as very 
roughly true for polythene, and suggests that the mean rate 
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of radial shear at peak values of u did not exceed about 2% 
of the rotational shear velocity, so that the imposed conditio: 
were not seriously vitiated, although the measured thrust | 
could be appreciably in error. Conditions were too complex 
for the contribution of radial shearing to the thrust to be}’ 
calculated, and recourse was had to an approximate expe i- |é 
mental method. With the sample in position the stator was }¥ 
lowered, say, 0:005cm, and the leaf spring then suddenly 
flexed by means of the micrometer head, the subsequent 9 
stator displacement being, recorded against time. From these 
readings axial force was plotted against stator velocity, and }; 
the curve used to apply a correction to the measured thrust || 
on the basis of the axial velocity. This procedure would be | 
strictly admissible for Newtonian materials but is likely to 
give too high a correction with polythene, because the stress } 
increases less rapidly than the rate of shear. A comparison }¥ 
of thrust/stator velocity curves, obtained with and without 
the rotor turning, after equilibrium conditions had been, 
approached (see Section 4.1), indicated that the correction } 
adopted might be as much as double its true value, though a 7 
considerable part of the discrepancy was probably due t 
the increase in consistency of polythene which occurs on the jj 
cessation of shearing (see Section 4.3). The form of the 
curves was similar, so that the corrections have a qualitative |i 
significance even though quantitatively they are rather un= 
satisfactory. Owing to the viscoelastic character of the) 
material the thrust/stator velocity curve was appreciably 7 
dependent on the initial spring flexure, which was somewhat § 
arbitrarily taken approximately equal to the maximut : iW 
flexure occurring in the determination of p,. In principle } 
the correction can be reduced by increasing the stiffness of i 


the leaf spring, but a limit is set by the deformability of the | 


rheometer itself. ay 


4 


4, EXPERIMENTAL RESULTS an 


4.1 Stress and strain recovery. A constant rate of shear =) 
did not produce a constant stress, and it was found con= (0 
venient to plot the stress components against logarithm of 
applied shear. Typical results are shown in Figs. 1 and 2 |b 
for a series of different temperatures, and in Figs. 3 and | ib 
for different rates of shear. The tangential traction p, rose § 
to its full value almost instantly when shearing commencelll =} 
but then dropped gradually till the applied shear o was of fl 
the order of 100. Beyond this it again rose, but passed 
through a maximum at a shear which tended to be lower 
the higher the stress, and finally fell till, at sufficiently high 4) 
shears, it seemed to approach a limiting value. 7 ‘i 
particular test the rate of shear and range of times covered } 
by the readings determined which of these features were 
observed, but all the curves conformed to this general pattern. |} 
At the lower applied shears the normal traction p, was ¥ 
subject to the approximate correction described in Section 3.38 Lt 
The main features of the corrected curves, which are shown |) 
as dotted lines, were independent of the leaf spring used, and | 
may be accepted as real effects. It is seen that p, rose rapidly 
to a sharply defined maximum at a shear of 10-25. The 
subsequent’ decline, which was most marked at the higher 
stresses, showed an interruption at moderate shears, with a | 
second, rather indefinite maximum, before continuing. : 
apparently towards a limiting value. The minor fluctuations | 
in the uncorrected and corrected curves in Figs. 2 and 4 | 
were not sufficiently reproducible for any definite significance | 
to be attached to them, though there was a hint that certain | 
of them may not have been due to experimental error. An? 
increase in temperature reduced the value of both stress § 
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components and a similar effect was produced by a reduction 
in the rate of shear. 

When p, was suddenly reduced to a low value, determined 
(after decay of the inertia forces) by the friction in the rotor 
bearings, shear recovery at first increased nearly linearly 
with logarithmic time, but subsequently tailed off to a steady 
value as shown by typical examples in Fig. 5, or sometimes 
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decreased very slightly. The period of increasing recov ' 
varied according to the conditions from a few seconds # te) 
fifteen minutes or so, and the maximum recovery was tak 
as the recovery value. Recovery values are shown asm 
function of log o at various temperatures in Fig. 6, and a 
series of shear rates in Fig. 7. They show an initial rise 

increasing shear, followed by a rather sharp drop, thet 


shear recovery 
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Fig. 7. Variation of shear recovery with applied shear j 
at 133-5° C and comparison with calculated strain at- 
various shear rates - 
series of minor fluctuations, and finally a reduction in! 
recovery value at still higher shears. The first maximum and 
first minimum tended to occur at higher shears the higher! 
the rate of shear and the lower the temperature (i.e. the’ 
greater the stress), whereas the final decline, as in the case}: 
of p,, set in at a lower shear the greater the stress. 4 ‘ 


4.2 Calculated elastic strain and shear modulus. Weisseml 
berg’s theory ‘> 3) requires that: S 
DP; = Gs 
p= Gs- 


where s is the recoverable shear strain, referred to below 
simply as “‘strain,’’ and G is an elastic modulus. Mooney, ®) 
too, starting from the assumption that equation (4) holds; 
for any isotropic plane, derives expressions for the norm 
tractions which give rise to equation (5) when p, vanishes,} 
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+ stress components have accordingly been used to cal- 
inte values of s and G from equations (4) and (5). 

for comparison with the recovery values, curves for the 
iin calculated from the corrected values of p,, are included 
Pigs. 6 and 7 as broken lines. The similarity in the form 
the two sets of curves is quite striking, though the minor 
ttuations in the recovery values are not apparent in the 
in curves, probably because the accuracy of the stress 
fasurements was insufficient. The first strain maxima were 
iched at slightly higher shears than the corresponding 
very maxima. In Fig. 8 the modulus G (given by p2/p,) 
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Wig. 8. Variation of G with applied shear and its 
EB dependence on temperature and shear rate 


| hown as a function of log o for several temperatures and 
tes of shear. Broadly, its dependence on applied shear 
is the inverse of that of the strain. On the other hand it 
inished with increasing temperature and decreasing rate 
|shear just as stress and strain did. 


4.3 Reversibility of structural breakdown. It is difficult to 
bount for the observed complex changes in the rheological 
loperties of the polythene as shearing proceeds, unless it is 
bumed that structural alterations occur in the material. 
merous experiments have shown beyond doubt that the 
langes are reversible. Thus the reduction in recovery value 
loduced by shearing has been utilized to follow the reverse 
lange, and Fig. 9 shows how the recovery from a small 
xiliary shear gradually increased with the interval since 
Wbre intense shearing, finally reverting to its normal value. 
ress measurements at a low rate of shear following ‘“‘break- 
wn” showed a similar tendency, but, if the shearing was 
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tinuous, an equilibrium condition was reached short of 
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complete reversion to the initial state. Thus in Fig. 10 the 
continuous curves show the change in stress when a sample 
of polythene was sheared at 1:0 s~—!, the elastic strain instead 
of applied shear being taken as abscissae. The arrows 
indicate the direction of the change. When further break- 
down had become slow the rate of shear was increased to 
9-8s—! for 15min to take it to a more advanced stage. 
Shearing was then continued at the original rate, whereupon 
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Recovery value after breakdown 
Recovery value before breakdown 


HS) SO US 
Time since breaking down (min) 
Fig. 9. Reversion of polythene to its initial state after 
shearing, as indicated by recovery values for the auxiliary 
: shears shown in brackets 


lOO 


the stress and strain gradually increased as shown by the 
broken lines. They not only tended to the same equilibrium 
values as before, but approached this condition by curves 
substantially continuous with the original ones. Polythene 
took longer to revert to its initial condition the greater the 
degree of breakdown. At room temperature the broken- 
down condition was stable over periods of at least several 


lO. 24 


— original 
---- after [Smin at 9-857! 


Stress (dyn /cm?) 


| jE 3 
Strain 
Fig. 10. Approach to equilibrium state, during shearing 
at 1-0s~!, from initial and broken-down conditions. 
(38e526) 


months. The whole cycle of breakdown and reversion has 
been repeated a considerable number of times without any 
evidence of a significant permanent effect. 

In the measurement of recovery values, slightly more 
consistent results were obtained if the same specimen was 
used for the different periods of shearing under given con- 
ditions. It was therefore necessary to allow sufficient rest 
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periods at the test temperature between successive measure- 
ments. 


5. STRUCTURAL INTERPRETATION OF RESULTS 


5.1 Recoverable strain. The parallelism between the 
experimental recovery/log ao curves and the strain/log o 
curves calculated from the stress by means of equations (4) 
and (5), provides considerable support for the validity of 
these equations, and this is not lessened by the fact that the 
observed recovery was less than the calculated strain. For 
one thing, inertia prevents p, from being instantly reduced 
to zero, and p, in any case does not immediately vanish. 
Hence, macroscopic relaxation of stress could occur simul- 
taneously with recovery. Experiments, however, in which 
the moment of inertia of the rotor was varied between 654 
and 2470 g.cm? indicated that this had very little influence 
on the recovery. In the second place, it is in line with current 
theory to suppose that a loose network of chains exists in the 
molten polythene. During shearing the secondary linkages 
responsible for the network structure continually break and 
re-form, so that there is a distribution of stresses at junction 
points from the most fully stressed to the completely relaxed. 
One can regard the recoverable strain as the amount of 
recovery that would ultimately occur, on removal of external 
stresses, if the cross linkages were stabilized at the instant in 
question. Actually, however, these junctions will continue to 
break and reform during the course of recovery, and because 
of this the. observed recovery will be less than the re- 
coverable strain defined as above. Weissenberg’s is a con- 
tinuum theory, and hence takes no account of this distinction, 
but, inasmuch as a change in the network structure is an 
alteration in the material itself, it appears that “recoverable 
strain” rather than recovery value should be identified with s. 


5.2 Nature of structural changes. The main features of 
the recovery/logao curves are shown by many _ high 
polymers,“° ! and a variation of shear stress with applied 
shear, similar to that exhibited by polythene, has been 
recorded for synthetic rubbers by Taylor, Fielding and 
Mooney‘!*) and by Fensom. 3:14) Any explanation must 
therefore be capable of fairly wide application. 

The strain changes during shearing at a rate s, given by 
the difference between c¢ and the rate at which strain decays 
through rupture of stressed cross linkages and formation of 
relaxed ones. The change of sign of § at a shear of 10-25 
therefore represents a rapid increase in this rate of decay, 
probably due to the final disruption of the initial network, 
i.e. of the most stable of the original secondary linkages. 
Owing to the temporary rise in the rate of bond rupture, 
recovery at this stage will be less complete, since there is an 
increased number of free positions which can form cross 
linkages during the process. The first recovery maximum is 
therefore displaced to a lower shear than the corresponding 
strain maximum. 

The value of G at constant strain increases with o even at 
shears as low as 30, and this is interpreted as a change towards 
a visco-inelastic system caused by some kind of structural 
breakdown. The temporary interruption, at a shear of 50 
or so, of the macroscopic manifestation of this process has 
been tentatively ascribed to mechanical interference between 
the branch chains as the molecules slide past one another,9-!)) 
the multiple peaks in the recovery/log o curves apparently 
being due to the existence of more than one important branch 
spacing. The progressive increase in modulus and reduction 
in stress and strain are ultimately resumed, but there is 
probably no interruption of the structural change which they 
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represent. Thus the last peak in the recovery/log o curves’ 
is obliterated at the higher stresses which produce morey 
intense breakdown, and similarly at the higher stresses the} 
final decline in stress starts at lower shears. The nature of}; 
this breakdown is not known, but may be connected with aff 
reduction in the intensity of the molecular entanglements. 


6. EQUIVALENT STATES 


Because of the difficulty of specifying the rheological It 
properties of a system undergoing such complex changes} 
during shearing, it is desirable to see whether states of equal Hi 
breakdown can be defined. It cannot be assumed a pa ‘iy 


for such a view is provided by the following considerations. i 
The kinetic theory and the nature of the polythene molect e 
suggest that the free energy of deformation is almost cot 


Pp, = — TdP/ds a 4 
where © is entropy. At a given strain 00/ds, and therefore i 
Psi T, should be constant, provided the state of the material (j 


is unchanged. A plot of s against p,/T for all temperatures] 
and rates of shear (Fig. 11) to a first approximation yields ¢ ail 


>) 


ut Races asa ta Sa ak 


yada 


O DOr SOOO 
P, el (dyn. cni2.°K") 


Fig. 11. Relationship between s and p,/T at constant ; 
applied shear. (Experimental points are shown for only — 
two values of shear to avoid confusion) 


separate curve for each value of o, so that shearing at a) 
constant rate under two sets of conditions can produce the} 
same strain and breakdown in the polythene only if the 
applied shear is the same. That it will then do so is al 
reasonable inference. The state of the material may therefore} 
be defined by the values of p,/T and o. The convergence of | 
the curves in Fig. 11 at p,/T ~ 50 dyn.cm—?.°K~! indicates} 
that there is little structural change below this value. In so| 
far as p,/T and o together determine s they also determine) 
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T (ie. sp,/T), but it is interesting to observe that the data 

proximate equally well to a unique relationship between 

and Pp, at constant o (Fig. 12). This emphasizes the 
ivalence of changes in shear rate and in temperature. 


J10°x!5 


“p, (dyn/cm?) 


p, (dyn /em?) 


i Fig. 12. Relationship between p, and p, at constant 
| applied shear 


7. VISCOUS PROPERTIES 


|In Fig. 13 the relationship between shear rate and tangential 
laction is plotted logarithmically for an applied shear of 
00, and is of the usual type shown by high polymers.“ 
limilar series of curves are obtained at other values of o. 
eir non-linearity indicates that even at constant shear the 
ij ta do not conform to the Ostwald-de Waele relationship 
|= (p,/n*)" where 7* and n are constants. The curves are 
ppable of being superimposed reasonably accurately by 


| Activation energy for viscous flow (kcal/mole) determined 
at constant tangential traction and at constant Pit 


Applied shear 
300 1000 3000 — 
2 x 104 dyn.cm? (9362 © leo Lhe 8 
5 x 104 dyn.cm?2 (Boe beds 12 A 
| 2s 10 x 104 dyn.cm? WO rede Ar4223 
20 x 104 dyn.cm? 12-9 11-3 11-7 
¢ 50. dyn cm-2°K—! 11-7 12 12-0 
| 100 dyn cm-? °K~! (PT 3 82-9 
| PT es (eee Ie t3<0) 
400 dyn cm~? °K~! 13-2 12:3 13:2 
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translation parallel to the log oa axis, which means that b 
in the Andrade equation 7 = A exp (b/T) (applied to con- 
ditions of constant shear and stress) is substantially inde- 
pendent of stress. The values shown in the table for the 
activation energy for viscous flow confirm this. However, 
activation energy should—to have even a limited physical 


|r T * <———¥ *- 
| Uy 
io} 
Ao oY 
Se pO 
OI Lope 
WES SOS 
~ 
x x x x x 


LogqygS 


4 4:5 5 
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Fig. 13. Relationship between rate of shear and shear 
stress, plotted logarithmically, for applied shear of 1000 


meaning—be determined at a constant degree of breakdown 
and at a constant mean molecular configuration (i.e. constant 
strain). It has been shown that both requirements are 
probably satisfied if p,/T and o are fixed. That log (p,/c) is 
a linear function of 1/T for these conditions may be seen 
from Fig. 14 for o = 1000. The corresponding values for 
the activation energy determined at this and other shears 


LOGig (p; /S) 


45 gE 
aa x 
% 2 


Dy, IS 24 7S 26 

103 /T 
Fig. 14. Logarithm of apparent viscosity at applied 
shear of 1000 and at constant p,/T, as a function of 
reciprocal absolute temperature 


Ps|T 
(a) 50 dyn.cm=2, °“K-!. 
(b) 100 dyn.cm~2, °K-!. 
(c) 200 dyn.cm~2, °K-1. 


are included in the table, and are mostly a little higher than 
at constant stress, with a mean of 12-4 kcal/mole. Dienes@® 
has given a figure of 11:0 kcal/mole for polythene, while 
Dexter“? has recently reported values of 12-9, 13-95 and 
11-9 kcal/mole at constant stress for three different grades. 
It will be seen from the table that there was a tendency 
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for the activation energy determined at constant stress to 
drop as the shear increased beyond 300, but at constant p,/T 
this was no longer so. If the slight variations in slope of the 
curves in Fig. 14 are attributed to experimental error, their 
relative positions would, on Eyring’s theory, represent a 
reduction in the magnitude of the entropy of activation with 
increasing strain. The validity of this treatment is open to 
question, but it is interesting to note that the conclusion 
corresponds to what would be expected if Spencer’s view !®) 
is accepted that in the activated state the molecules are 
oriented in the direction of shear. The value of p, passed 
through a minimum at a higher shear than the recovery value 
and continued to rise after p, and s had started finally to 
decline. These effects may result from the change in entropy 
of activation accompanying the alterations in strain. 
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Forming procedures for silicon point-contact transistors 
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Methods of forming silicon point- -contact transistors have been established. Suitable whisker | 
materials for use as emitters and collectors on n- and p-type silicon and the necessary pulsing ; 4 
techniques are described. Using these forming procedures, silicon transistors have been made a . 
with increased power gains and with output characteristics of the correct type. The performance : 
figures of typical formed silicon transistors are quoted. 3 


Silicon transistors are important because, unlike germanium 
transistors, they will give stable operation at high ambient 
temperatures. Silicon n-p-n junction transistors are now 
produced commercially in large quantities and to specification 
limits. On the other hand, point-contact silicon transistors 
are not available and very little information about them has 
appeared in the literature. There are some applications, 
for instance in transistor trigger circuits, where the point- 
contact transistor with its current gain exceeding unity is 
superior to the junction transistor. For this reason, an 
investigation of the properties of silicon point-contact 
transistors was thought to be worthwhile. 

In a recent paper,“ Jacobs, Brand, Matthei and Ramsa 
describe a method of forming the emitter contacts of n- 
and p-type silicon point-contact transistors. This method is 
rather different from that developed in this laboratory and 
it will be helpful to describe it briefly so that the two techniques 
can be contrasted. 

To form an emitter by the technique of Jacobs and others a 
small pellet of antimony (for p-type transistors) or aluminium 
(for n-type transistors) is pressed on to the prepared silicon 
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surface with a 0-080 in. pointed tungsten probe, the whole: 0 
assembly being in an atmosphere of nitrogen. A large’ | 
current is passed through the probe and some of the pellet i! 
material diffuses into the silicon making a p—n junction at: 
the surface. The probe is then removed and the crystal is 
etched to remove the surplus pellet material. The transistor : 
is made by placing emitter and collector contacts of 0-004 i ing if 
tungsten wire on the crystal with the emitter contact on the in 
contaminated region of the surface. Because of the improved 5 
emitter injection efficiency, the current and power gains of. + 
the transistor are increased. “4 

A different approach to the probled was adopted by the ' 
present authors. During the initial investigation it was found 
that the output characteristics of silicon transistors were not 
of the saturation type associated with formed germanium | 
point-contact transistors. Transistor circuitry, has been § 
developed on the basis of a saturation type output charac- 
teristic, and if silicon transistors were to be useful it appeared } 
to be of primary importance to give them the type of charac- 4 
teristic by some forming process. This was achieved by 
using collector whisker materials of suitable composition [ 
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id pulsing the contact. Having obtained the correct output 
aracteristics, attention was then given to improving the 
nitter efficiency, again by using suitable whisker materials 
id forming pulses. 

Jacobs and others do not give the output characteristics of 
icon transistors formed by their technique so a strict 
i parison between the two methods is not possible. How- 
fer, it does appear that the forming procedures described 
this paper are simpler than those of Jacobs and others and 
Dre suitable for quantity production. 


THE TRANSISTOR PARAMETERS 


he transistor, being a three-terminal device, requires the 
ecification of two voitages and two currents to describe its 
Herating conditions. Thus, at low frequencies, a transistor 
ny be represented by a network of four dynamic resistances. 
| knowledge of these resistances enables the performance 
_ the transistor to be assessed. The dynamic resistances are 
Mined in terms of the voltages and currents between the 
mitter and the base and collector and base as follows, the 
bols €, c and b being used for emitter, collector and base 
‘Epectively : 


| WV, : : 
hy = (57) Input resistance 
ol, e 7 I¢=const. 


ov, : 
r2= GZ) base resistance 
ol, Ig =const. 


OV, : 
ry = G7) mutual resistance 
ol e 7 I;-=const. 


OV. : 
epee i) output resistance 
ol, I;=const. 


1aArea 


here V, and J. are the collector voltage and current and 
_ and /, are the emitter voltage and current at the chosen 
erating point. 


THE TRANSISTOR CHARACTERISTICS 


The collector or output characteristics, three sets of which 
le shown in Fig. 1, will be discussed first. Fig. 1(a@) shows 
h idealized set of output characteristics. These are, in fact, 
tntode type characteristics and typified by a large value of 
le output resistance, rz. Fig. 1(b) shows the output charac- 
tristics of a formed germanium point-contact transistor. 
hese characteristics are a fair approximation to the ideal 
nes but here ry, is typically only 15 kQ and the curves do not 
alesce but go separately to the origin. This non-coalescence 
* the output characteristics is fundamental in a transistor 
nd cannot be changed by forming. Fig. 1(c) shows the 
itput characteristics of an unformed silicon point-contact 
lansistor and their totally different nature compared with 
e two previous sets is evident at a glance. It should be 
binted out that output characteristics of this form are 
btained for unformed germanium transistors. The object 
F collector forming is to change the non-saturation charac- 
istics of the type in Fig. 1(c) to saturation characteristics 
; the types in Figs. 1(a) or 1(). 

|The maximum available power gain of a grounded base 
lansistor is given approximately by ar,/4r,, where a is 
1e incremental current gain: defined as OLR Dy scons. = 
/ro. The value of rz. is normally fixed by the forming 
tocedure adopted to obtain an output characteristic of the 
brrect shape. However, in principle the power gain can 
Hill be improved by reducing rj, which indicates the need 
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for an emitter forming procedure. « is in part a function of 
the emitter efficiency and collector efficiency and would be 
expected to be dependent on both the forming procedures. 


le 


(a) 


O 5 Ke) 15 20 
Cc) Ve WW) 
Fig. 1. Transistor characteristics 


Ieo for an arbitrary collector voltage is indicated on each graph. 


(a) Ideal output characteristics. 

(6) Output characteristics of a germanium transistor of modern 
manufacture. 

(c) Output characteristics of an unformed p-type silicon 
transistor; phosphor bronze used for both emitter and 
collector. 


THE EXPERIMENTAL CONDITIONS 


The silicon used in the transistor tests was mainly single- 
crystal material prepared in this laboratory. Silicon speci- 
mens with resistivities in the range 4 to 30 (2. cm were used 
having minority carrier lifetimes in the range 1 to 10 us as 
measured by the method of Arthur and others.2) Small 
specimens cut from the silicon ingots were nickel-plated and 
soldered to brass base plates. The free surfaces were ground, 
polished and etched with the standard germanium etch CP4,) 
It is possible that a different etch would have improved the 
transistor action of these specimens, but a systematic investi- 
gation on suitable etching techniques for silicon was not 
undertaken. The transistors were tested on  micro- 
manipulators. 

The emitter and collector contacts were formed using a 
single pulse of controlled duration and amplitude applied 
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between the contact and the base. This pulse could be 
varied from 1 to 10 ms duration and up to 600 V amplitude 
and was delivered from a 500 {2 impedance. The transistor 
characteristics were observed on a calibrated oscilloscope 
before and after forming. 


THE FORMING TESTS 


Some thirty different whisker materials of various com- 
positions were tested as emitter and collector contacts on 
n- and p-type silicon. These included a range of copper 
based alloys in wire form of 0-005 in. diameter containing 
2% of aluminium, indium, gallium, phosphorus, arsenic or 
antimony. The first three elements are in Group 3 of the 
Periodic Table and the last three are in Group 5. 

Each whisker material was tested as a collector contact 
of a given silicon specimen and the shape of the output 
characteristics after various forming pulses had been passed 
through the contact was observed. Those whiskers which 
gave saturation-type output characteristics were noted. One 
of these was selected as a collector and then a range of 
emitter contacts was tested, the change in r;,; and « on 
forming being noted. It was found that suitable whisker 
materials which gave a decrease in r,,; also gave an increase 
in «. The procedure was repeated for a silicon specimen of 
the opposite conduction type. Then, suitable emitter and 
collector contacts for n- and p-type silicon having been 
established, these were tested on a series of specimens with 
different resistivities. 

Suitable whisker materials and forming procedures for 
silicon transistors are now given. 


p-type silicon 


(a) Collectors. Saturation output characteristics were 
obtained with whisker materials containing an element 
from Group 3 of the Periodic Table. Aluminium, indium- 


and gallium-bronze wires gave equally good results. A 5 ms 
LO REVERSE 
Ve WW) DIRECTION 
FORWARD 
DIRECTION -3-0 

REVERSE DIRECTION 
formed using 

XO) 200V Pulse 


ewionomnr S| 


ie N56) V. (V) 
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; bea b 
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Fig. 2. Diode characteristics of unformed and formed 
transistor point contacts on p-type silicon 


(a) Antimony-bronze emitter. 
(6) Gallium-bronze collector. 
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forming pulse of 200 V amplitude applied in the forward) 
direction of the contact was satisfactory. Fig. 2(b) shows a} 
typical collector diode characteristic on 10 QQ. cm, 1 ps lifes} 
time p-type silicon before and after forming. It will be seen} 
that collector forming reduces the rectification ratio of the |} 
collector diode and near the origin the sign of rectification }j 
is reversed. | 

(6) Emitters. An increase in « and a reduction in My 
were obtained if the whisker material contained an element} 
from Group 5 of the Periodic Table. Phosphorus-, arsenic-, jf 
and antimony-bronze wires made equally good emitters. It}, 
was essential to form the emitter to bring about these changes, a 
a pulse of 5 ms duration and 200 V amplitude applied in the}? 
forward direction being suitable. It should be pointed out 
that in some cases, emitter forming alone was sufficient to), 
give a reduced value of r,, an increased « and saturationj# 
output characteristics, collector forming being unnecessary. i 
However, it was essential that a suitable collector whisker, 4 
material was used. Fig. 2(a) shows a typical emitter diode ) 


before and after forming. 
decreases r,, and increases the reverse resistance. Thus, they 


rectification ratio of the emitter diode is increased. 


n-type silicon 


Group 5 of the Periodic Table. Phosphorus-, arsenic- and! 
antimony-bronze wires made equally good collectors. if 
pulse of 5ms duration and 100 V amplitude applied in the i 
forward direction was suitable to form the contact. Unlike) 
the p-type case, it was always necessary to form the contac 
to obtain a saturation output characteristic. Tantalum, also’ 
of Group 5, made a suitable collector whisker, but a forming} 
pulse of about 400 V was necessary to form the contact. |§ 


Fig. 3(b) shows a typical collector diode characteristic on} 
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Fig. 3. Diode characteristics of unformed and formed 
transistor point contacts on n-type silicon 


(a) Gallium-bronze emitter. 
(6) Antimony-bronze collector. 
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1 ©2.cm, 10 ps lifetime n-type silicon before and after 
rming. It will be seen that after forming the rectification 
tio is reduced and the sign of rectification near the origin 
ireversed, This is similar to the change observed with 
llectors on p-type silicon. However, in contrast with the 
type transistor, the characteristic is discontinuous at the 
gin. This is an unusual type of voltage-current charac- 
istic but typical of these collectors. 

(b) Emitters. An increase in « and a decrease in r;, was 
‘tained for whisker materials containing an element from 
toup 3 of the Periodic Table. Aluminium-, indium- and 
i!lium-bronze probes were found to be equally satisfactory. 
pntrary to the previous methods, forming with a single 
llse impaired the transistor performance, « being halved 
| typical instances. By trial and error, it was found that a 
) c/s signal applied to the contact and of sufficient magnitude 
| pass about 30 mA in the forward direction would produce 
desired change. It is not understood why an n-type 
nitter should require different forming but it is possible that 
else forming would be satisfactory with a pulse duration 
ktside the available range of 1-10 ms. Fig. 3(a) shows a 
ical emitter diode characteristic on 15 Q.cm, 10 ps life- 
Kae silicon before and after forming. It will be seen that 
ter forming, the current for a given applied voltage is 
tcreased in both the forward and the reverse directions. 
bmparison with Fig. 2(a) shows that the reverse charac- 
Fistics of emitters on n- and p-type silicon move in opposite 
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Fig. 4. Output characteristics of formed silicon 
transistors 


(a) n-type transistor. 
(b) p-type transistor. 
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Forming procedures for silicon point-contact transistors 


The whisker materials mentioned above form symmetrical 
groups. Thus, wires containing Group 5 elements make 
suitable emitters on p-type silicon and suitable collectors on 
n-type silicon while wires containing Group 3 elements make 
suitable emitters on n-type silicon and suitable collectors on 
p-type silicon. However, a number of satisfactory whisker 
materials were found which did not contain elements from 
either of these groups. Thus, gold (Group 1) and nickel and 
platinum (Group 8) made satisfactory collector wires for 
n-type silicon provided that large forming pulses of about 
400 V were used. Similarly, platinum (Group 8) made a 
good emitter on n-type silicon. It was only for n-type silicon 
that suitable whiskers were found which did not contain 
elements from Group 3 or Group 5 but it must be stressed 
that the number of wires tested was very limited. . 

Fig. 4 shows two sets of output characteristics for silicon 
transistors which were formed as described above. Fig. 4(a) 
refers to 32 Q. cm, 3 ps lifetime n-type silicon and Fig. 4(b) 
refers to 12Q.cm, 1 ps lifetime p-type silicon. Each set 
saturates in a satisfactory manner. It will be noticed that the 
collector current for zero emitter current, I.9 (see Fig. 1), 
is largest for the n-type transistor. This was typical for the 
units tested. 


DISCUSSION OF THE FORMING PROCESS 


It is not possible at the present stage to advance a generalized 
theory of forming to explain all the varied experimental 
results. However, a symmetry does exist in that wires con- 
taining Group 3 or Group 5 elements make satisfactory 
emitters or collectors on n- or p-type silicon and this will now 
be discussed. 

Elements from Group 3 are acceptor impurities in silicon 
while those from Group 5 are donor impurities. Consider 
first emitter forming. A suitable emitter for p-type silicon 
is one which contains a donor impurity from Group 5. It 
is reasonable to suppose that during forming, this impurity 
diffuses from the wire into the silicon making a p-n junction 
beneath the contact. This would be expected to increase 
the injection efficiency of the emitter and hence the value of « 
of the transistor. An increase of injection efficiency would 
also lower r;, as observed experimentally. A similar explana- 
tion has been offered by Jacobs and others for their type of. 
emitter forming. : 

A suitable collector for p-type silicon is one which contains 
an element from Group 3. On forming, some of this impurity 
would be expected to enter the silicon and produce a region 
of low resistivity in the neighbourhood of the contact or a 
p/p+ junction. A _ transistor functions by virtue of the 
minority carriers which are injected at the emitter and travel 
to the collector. From geometrical considerations it is clear 
that only a small fraction of the injected carriers will reach 
the collector, unless they are influenced by the electric field 
due to the standing collector current J,9. The presence of the 
p+ region is expected to increase Lo for all collector voltages 
and in particular, at low collector voltages, the electric field 
would be sufficiently strong to attract most of the minority 
carriers from the emitter to the collector. This would result 
in saturation type output characteristics. These considera- 
tions should also apply, with the appropriate changes, to 
n-type silicon transistors. However, the differences found 
to exist between the experimental results for formed n- and 


‘p-type transistors indicate that the above explanations are 


not complete. ee 
An explanation can be given for the fact that it is frequently 


only necessary to form the emitter of a p-type silicon tran- 
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sistor, collector forming being unnecessary. Reference to 
Fig. 2(b) shows that, even without forming, J, is quite large 
at low collector voltages. Thus, saturation characteristics 
would be obtained with an unformed collector on this 
material. On the other hand, for n-type silicon transistors, 
I.9 is small at low collector voltages [see Fig. 3(b)] and hence 
collector forming is essential. 


SOME RESULTS ON FORMED SILICON TRANSISTORS 


Formed n- and p-type silicon transistors were tested at 
room temperature and at about 100°C. No significant 
change in the transistor parameters was found over this 
temperature range. 

Table 1 lists some of the results obtained for a p-type 
silicon transistor. 12 Q.cm, 1 ys lifetime material was used 
with a phosphor-bronze emitter and an aluminium-bronze 
collector. These results were typical of the better transistors. 
This transistor, whose output characteristics are shown in 
Fig. 4(5), was measured at 105° C. The current gain, voltage 
gain and maximum power gain™ are calculated for three 
values of emitter current at a constant collector voltage. 


Table 1. 


cause of the failure has not been investigated, but it is likely 
to be associated with the crystal surface. It is probable that | 
more suitable etches and proper encapsulation of the unit 
would prevent the deterioration. 4 


CONCLUSIONS 


It has been established that silicon transistors with improved 
power gains and saturation output characteristics can be 
produced by using specific whisker materials and pulsing ‘i 
techniques. The power gains are not markedly inferior to 
those of germanium point-contact transistors. The results 0 f 
the forming tests are of considerable physical interest and 
indicate the kind of work which must be done if other semi- 
conductors, for instance semiconducting compounds, show y 
promise as transistor materials. q 
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Operating conditions for p-type silicon transistor 
Operating point 
: It ssa in Max. — 
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+25 —0:5 —0-15 2:4 700 18 500 .35 000 330 1-9 By 
+25 —1-0 —0-2 Beil 540 16000 30000 270 1:9 32 q 
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—§8 SES +0-1 —3 920 5000 11000 205 DD) 8-5 11 
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Similarly, the results listed in Table 2 are typical of those 
obtained for n-type silicon transistors. This particular 
transistor was made with 32 Q.cm, 3 ys lifetime material, 
an aluminium-bronze emitter and a tantalum collector. Its 
output characteristics are shown in Fig. 4(a). 

The power gains of the p-type silicon transistor at 105° C 
compare quite favourably with those of a typical germanium 
point-contact transistor at room temperature. In general, 
the performance figures of the p-type transistors were better 
than those of the n-type transistors as illustrated by the two 
tables. It will be noted from the tables that « decreases with 
increasing emitter current. This behaviour is characteristic 
of silicon transistors. 

With normal bias voltages applied, n-type silicon transistors 
were stable when operated in air at 100°C. On the other 
hand, the p-type units deteriorated rapidly under similar 
conditions, the power gain being halved after 24 hours. The 


210 


¥: 


| 
a 
Dr. W. E. Alkins of Thomas Bolton and Sone Lid. The a 
paper is published by permission of the Chief Scientist, 


Ministry of Supply, and the Controller, H.M. Stationery) 
Office. ; 


REFERENCES g 
(1) Jacoss, H., BRAND, F. A., MATTHEI, W., and RAMSA,. } 
AGS et: ppl. Pe 25, p. 1046 (1954). e 


(2) ArtHuR, J. B., BARDSLEY, W., Gipson, A. F., and | 8 
HoGartH, C. A. Proc. Phys. Soc. [London], B, 68, = 


p. 121 (1955). Fs 
(3) Haynes, J. R., and SHocKLEY, W. Phys. Rev., 81, p. 835. 
(1951). 


(4) SHOCKLEY, W. Electrons and Holes in Semiconductonaa 
p. 45 (New York: D. Van Nostrand Co. Inc., 1950). 


| 
i 
1 
{ 


BRITISH JOURNAL OF APPLIED PHYSICS 


measurement of cathode emission. 


1. INTRODUCTION 


he statistical time lag of the breakdown of small gaps 
tween metal electrodes in a gas when subjected to an 
»pulse voltage has been investigated by several workers '-®) 
720 have shown that the distribution of such lags is, under 
cvain conditions, exponential. The average time lag of 
Ks distribution can be related to the electron current 
=m the cathode®:!% and, as a result, the method may 
» used to investigate the factors affecting such a cathode 
Fission. 
‘As will be shown later, however, the process of measure- 
fat, since it involves a spark, causes a modification of the 
juissive properties of the cathode surface and, unless care 
‘ exercised, the results cannot be analysed statistically. 
ifficuities are further increased by the fact that, in order to 
ptain results of reasonable accuracy, large numbers (of the 
der of 103) of time lags must be measured. Such difficulties 
*come serious when the method is extended to measurements 
| liquid dielectrics. The damage caused by a spark in a 
yuid is normally so great that more than one time lag 
leasurement for a given gap and liquid sample is impossible 
lithout serious change of the gap characteristics. 
In an attempt to overcome these difficulties, equipment 
ns been developed in which the modification of the 
mission due to sparks has been reduced to an amount 
hich is probably smaller than that which has been obtained 
reviously. 
| Before a description of the equipment is attempted, an 
alysis of the assumptions and limitations of the method 


I 
lill be given since these are important in any later inter- 
Fetation of results. Preliminary results, to be discussed 
iter, show that the reduction in damage achieved by efficient 
ark quenching enables the “‘conditioning” of such gaps to 


2. THEORY OF THE MEASUREMENT 


| The generally accepted conception of the spark breakdown 
irocess in a gas envisages an initial electron which, in the 
lectric field, multiplies by avalanche ionization processes 
ind finally causes an instability in the gap. Thus the obser- 
tion of a spark is taken to indicate the prior appearance 
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It has been shown by earlier workers that the observation of the statistical distribution of time 
lags to breakdown of small spark gaps may provide information concerning the emission of 
electrons from the cathode. This paper discusses the restrictions imposed by this method of 
Since the measuring technique causes the surface being 
investigated to undergo a change, efficient spark quenching should be provided to reduce this 
change to a minimum. A circuit which provides efficient spark quenching is described, together 
with a novel circuit to record a set of time lags automatically. Preliminary experiments show that 
“conditioning” of the cathode surface in air is now more rapid than that obtained by previous 
workers, and the reasons for this are discussed. Further, application of the method to the 
breakdown of small gaps in n-hexane indicates that the behaviour is similar to that of a gap in 
air in that “conditioning” of the cathode surface and a statistical variation of time lags 
occur. 


W will depend on such factors as field strength, gap geometry 
and the nature of the gas. If W <1, more than one electron 
may appear in the gap before a spark occurs and thus, if W,, 
is the probability of the occurrence of a spark due to the 
appearance of the nth electron in the gap after a step-function 
voltage is applied to the gap, then 


W, = WA — wyr-! 


It can be shown that the probability, P(n, t), that this nth 
electron appears in the time interval ¢ to (t + df) is 


P(n, t) = [177 — 1)!] exp (—In)6t 


where J is the mean rate of electron production and time is 
measured from the instant of voltage application. Thus the 
probability that a spark will occur in the interval rf to (t + 6f) 
is 


x W,,P(n, t) = Wlexp (—Win)ot (1) 
n=tb 


It follows that the average time lag, fis given by 
b= UWE (2) 


It is easy to show from equation (1) that the probability of a 
time lag greater than ¢ is exp (—W/?) and thus if, in a parti- 
cular experiment of NV measurements, the number of recorded 
lags greater than fis n, then 


log, (N/n) = WIt - (3) 


and a graphical plot of log, (N/n) against ¢ gives an estimate 
of WI which may be more convenient than equation (2). 

Equations (2) and (3) may be used to obtain the rate of 
electron production provided certain conditions concerning 
W and I are satisfied. These conditions, which are vital to 
the interpretation of the experimental results, will now be 
discussed. 


3. CONDITIONS NECESSARY FOR RELIABLE 
MEASUREMENT 


3.1. The probability function W. As already stated, W is 
field dependent, and in uniform field gaps it is likely to be 
small when the static breakdown field (£,) is applied, but is 
expected to increase rapidly for field strengths greater than 
E,. The calculations of W by Wijsman@) are based on the 
assumption that the breakdown mechanism is described by 
the Townsend theory. There is reason” to suspect that this 
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theory is not necessarily applicable to the gaps being dis- 
cussed here, and there appears to be, as yet, no calculation 
of the probability function W which can be applied. 

While it is considered probable that W = 1 for values of 
E> 1-5E,, it must be emphasized that this has not been 
proved, and that the measurements give only the product WI. 

It should also be noted that, since W is field dependent, it 
will vary during the finite rise time 7 of the voltage applied to 
the gap. This will produce a distortion of the distribution 
given by equation (1) but the error will not be serious provided 
fT. 

3.2. Rate of electron production I. The analysis above has 
assumed that J remains constant, not only throughout a 
particular time lag measurement, but also throughout the 
series of N measurements required to obtain the time lag 
distribution. This constancy will depend on the source of 
electrons which in general will be either (i) cosmic radiation 
and radioactivity in the gas or (ii) emission from the cathode. 
If the gap volume is small, the first process will produce only a 
small electron current and a correspondingly large value of & 
The occurrence of a shorter average time lag than this may 
be taken as an indication of cathode emission. Provided this 
emission is great enough, the contributions from process (i) 
may be neglected. 

If, as has been indicated by several authors, J is field 
dependent, conditions for the constancy of J during a parti- 
cular time lag measurement will be similar to those already 
discussed for W. Although it is possible to visualize other 
processes by which J may be caused to vary during a time- 
lag measurement, it is considered reasonable to assume that, 
provided the field (i.e. the voltage wave), remains constant, 
I remains constant also. 

The further condition that J remains constant over all N 
measurements requires that the emissive properties of the 
cathode should remain constant and that the spark accom- 
panying each measurement should not alter the subsequent 
cathode emission appreciably. While it is obviously im- 
possible to eliminate all damage, efficient limitation of the 
spark discharge may reduce it significantly, and methods of 
achieving this spark limitation or quenching will be discussed 
below. 

The cathode damage is reduced if comparatively few 
measurements are made, although the accuracy with which 
7 and J may be computed will be reduced. While Llewellyn 
Jones and de la Perrelle® have shown that a coefficient of 
variation of 3°% is obtained ‘in the value of J if N is 1100, 
this will only be true if cathode conditions do not vary 
significantly during a set of measurements. If variations are 
appreciable, then a more reliable value of J for a given 
cathode state might be obtained from a far smaller set of 
measurements. 

While the above restrictions apply essentially to breakdown 
in a gas, similar restrictions will apply to liquid breakdown. 
Since there is little information concerning collision processes 
in liquids, the value of W is not known, and therefore at the 
moment, equations (2) and (3) can only yield values of the 
product WJ. Thus at present, time lag measurements in 
liquids can only indicate relative surface conditions and 
cannot be used to evaluate the cathode emission current. 
In spite of this, such measurements are important in 
providing information about the breakdown processes in 
a liquid. 

The equipment used for spark quenching and time-lag 
measurement, designed with the above restrictions in mind, 
will now be described. 


212 


4. SPARK QUENCHING Bt) 


Once a spark begins, the impedance of the gap falls rapidly 
and a discharge current flows. This current will have two} 
components, that arising from the energy stored in the) 
capacity of the gap and that which is drawn from the voltage 
The first component may be reduced by ensuring 


i 
fj 
source. i 
that the gap capacitance (including any stray capacitance) } 
is a minimum. It must be emphasized, however, that no i 


modification to the external circuit can affect this current or) 
modify the damage it produces, unless a parallel path off) 
impedance low compared with that of the gap is established 7 
in a time shorter than the formative time of the spark in the |!) 
gap, which is about 1078 s for the small gaps used. Since the 
stored energy of the gap depends on the square of the voltage, jf 
it will be seen that its effect on the cathode will rise rapidly i 
as the voltage is increased. This becomes very troubleso! e i 
when the electric strength of the gap is very high, e.g. for 4 
liquid dielectrics, and reduces the overall efficiency of anys 


limiting device. Z . 

The spark may be maintained by current drawn from th | 
source of voltage; and the magnitude and duration of t is | 
current depends on the impedance of this supply. By suitable i 


circuits this component of the current may be limited con-) 
siderably and a consequent reduction in damage achieved. — 1) 


4.1. Diversion by a parallel device. In the past as bee 


| 
| 
. 


Ne 


1 
of the spark current, for an applied d.c. voltage, has been = 
achieved by using the initial current pulse through the gap |: 
as a trigger pulse to close a switch which short-circuits the |) 
supply, thereby quenching the spark in the gap. As a further //) 

| 


aid to limitation a large resistance may be employed in|. 


ei 


series with the gap to lower the magnitude of the current 9 
which can be drawn from the source. The switching operatio 1 i 
should be rapid and it is unlikely that the mechanical devi eS Di 
employed for instance by Salvage“%) and Maksiejewski and |i 
Tropper(!4) were very efficient. El 
Trigatrons, which are certainly much faster than mechanical >i 
switches, have been employed by Watson and Higham@>) 
and by Lewis.“® They require, however, a considerab e 
triggering pulse and have an undesirably long and variable 


delay in operation. 


7 
: 


ae 


a 


More efficient operation is obtained at present by using a ! 
hydrogen thyratron (type BT83), which may be triggered by ) 
a pulse of a few hundred volts amplitude with a delay of i 
approximately 10~7s. With care, diversion of the current | 
in the gap should be achieved in approximately 2 x 10-7 sa 
A serious limitation is that the maximum voltage rating ol 
available types is of the order of 10 kV and although Young?” |) 
has shown that such devices may be operated in cascade, the |} 
overall time delay is greater. ay 

The role of the high series resistor in limiting the charge | 
transfer Q in the gap is illustrated by equation (4) which } 


expresses this charge as the sum of two components: ag 
(a) the charge stored in the gap capacitance, 3 : 
and oi 
(b) the charge due to the flow of current from the generator | 
for a time T before diversion is achieved. = 
Q=CV+4+VI|R (4) | 


where C = the gap capacitance (plus stray capacitance), } 
V = breakdown voltage, and R = series resistance. = | ; 
Taking, as representative values, a 


} 
C=3x 10-?F, V=5 x 10°V, R= 107Q, and r= 


Dex 100s) 
Q=1-5 x 10-8 + 10-!9C (5), 
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t will be seen from equation (5) that the charge transfer 
> to the current from the generator is negligible in com- 
rison with that arising from the gap capacitance. Pro- 

ied, therefore, that diversion is achieved within about 10~° s, 
hay be Co dered that efficient spark quenching is occurring. 
he efficacy of the simple parallel diverter for d.c. con- 
ons is due to the use of a high value of series resistor in 
circuit. Under impulse conditions, however, a series 
i stor of high value may not be tolerated since it makes the 
tage rise time too large. For impulse conditions, the 
jue of R can rarely exceed 104 Q and QO becomes [with the 
Hier parameters as for equation (5)]: 


OQ=1-5.x 10-8 + 10-7C (6) 


will be seen that the charge flow from the voltage source is 
greater than the charge stored in the gap by a factor of 
jut ten. It would therefore appear that the use of a parallel 
ice for impulse conditions is inefficient and other means 
i reducing the energy must be found. 


H.2. Series-parallel limiters. Limitation may be achieved 
inserting, in series with the test gap, a device which, 
file normally of low impedance, becomes of infinite 
sedance within a short time after the formation of a spark 
fhe test gap. Such a series device, the use of which appears 
be novel, can be obtained approximately by changing a 
(rd valve from the conducting to the non-conducting state. 
1 i practice, such a device may be most easily incorporated 
i the circuit by inserting it on the ‘‘earthy”’ side of the test 
2 and Fig. i shows the complete circuit of such an arrange- 
eat. 


Rj 
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Impulse generator and series-parallel limiter 


ig. 1. 
circuit 


| 
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he operation of the circuit is as follows. A positive-going 
ilse from the impulse generator is applied as shown to the 
\t-gap and series valve V,, which is arranged to be con- 
icting in the waiting period, with its anode at earth 
itential. At the same time a portion of the test pulse is 
1 by the capacitance divider C3, C, to the grid of V,, thereby 
suring that the valve remains conducting during the flow 
| capacitance current in the test gap, i.e. for the duration 
| the pulse front. When a spark starts to develop in the test 
Wp, the voltage on the upper electrode will start to fall 
wards earth, and this negative voltage swing is communi- 
lted by ‘the divider C3, C, to the grid of V,, which then 
licomes non-conducting. The anode of V,, and hence the 
wer electrode of the test gap, is now isolated and will 
lpidly rise in potential until the potential difference across 
2 test gap is zero and the spark extinguishes. 
When the valve V, becomes non-conducting, the voltage 
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across the screen resistor Rj will collapse, the resulting 
positive pulse being applied to the grid of a thyratron Vo, 
causing it to strike. The discharge circuit of V> consists of 
Cs, Ry, and Ro, and by including Ry in the lower end of the 
capacitance divider, as shown, the negative pulse appearing . 
across Ry ensures that V; remains non-conducting. At the 
same time, the positive pulse developed across R,,; causes a 
hydrogen thyratron V3 to conduct, making the voltage on 
the system collapse rapidly to zero. 

It will be noticed that during the initial stages of the spark 
discharge, current flows to the anode of V, which causes the 
screen current to drop to a small fraction of its initial value. 
This action alone is sufficient to fire the valve V>, but does 
not, in itself, render V, non-conducting. The use of the 
capacitance divider C3, C4 is necessary both to render V, 
non-conducting when a spark develops and to prevent the 
screen potential of V, from rising when capacitance current 
flows during the front of the test pulse. 

It will be seen that this circuit will operate with the same 
efficiency when steady, rather than impulse, voltages are 
applied to the test gap. 


5. THE TIME CONVERTER 


The principles of an analogue time converter have been 
stated“®) and an expansion circuit has previously been 
designed which converts a time interval of between 1078 
and 10~7s between two pulses, into a square pulse the 
duration of which is greater than this time interval by a known 
factor of the order of 10? or 10%. 

The converter to be described here (Fig. 2), is intended to 
accept a square pulse of duration in the range 10~° to 
10~3 s, and to display this time duration as a slowly decaying 
voltage, the rate of decay being such that ample time is 
available to record the peak value. 

The positive pulse from the lower arm of the potential 
divider (Rs, Z, Fig. 1) is applied, via the 1000 Q cable, to the 
grid of a valve which amplifies and inverts it. The resultant 
negative pulse is impressed on the grid of V; (Fig. 2), 
causing this valve to become non-conducting. In the waiting 
period, valve V, is arranged to be conducting with the anode 
clamped at earth potential by.the diode D,. The grid of V; 
is held at earth potential due to the current flowing through 
R,, and Dp. 

When V; becomes non-conducting the potential of its 
anode begins to rise from earth towards h.t. potential at a 
rate governed by the h.t. potential and the values of Rio, L, 
and Co, since the grid of V¢ is held at earth potential by the 
diode D,. This rate is arranged to be approximately constant 
over the range of times used. 

When the test gap breaks down, the negative voltage 
applied to the grid of V; collapses to zero, and the anode of 
Vs; returns rapidly to earth potential. This forces the grid 
potential of V; negative by a voltage v = q/Cy where q is 
the charge accumulated by C, during the time for which V; 
was non-conducting. Since the rate of charging of Cy was 
arranged to be constant, the grid of V¢ is forced negative by 
the voltage v which is proportional to the pulse duration, f. 
This charge on Cy then leaks away towards h.t. at a rate 
governed by C, and R,, and until earth potential is reached, 
valve V, is rendered non-conducting. For values of v small 
compared with the h.t. potential, the discharge rate of Cy 
may be considered to be constant and therefore the time for 
which V,¢ is non-conducting will be proportional to v and 
hence to ¢. The use of suitable components enables a time 
expansion of the order of 10? to be achieved. 
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In a similar manner, stages Vg and V; further increase the 
time expansion, until the rate of decrease of the voltage on 
C\5 is so slow that a meter indication is possible. In order, 
however, to enable a meter reading to be obtained without 
affecting the slow rate of decrease of voltage, a two-valve 
“see-saw” circuit, consisting of Vg and Vo, is used as an 
impedance transformer to supply the meter V. The voltage 


on the meter decays so slowly that providing a reading | 
taken within a few seconds, the loss of accuracy is negligib le 
The contacts K are inserted to enable the circuit to be reset 
when the reading has been taken. q 

Since it will be necessary to make a series of measurements 
in any time lag experiment, it is desirable that some form of 


automatic recording and resetting should be employed. r 


0+250V 
stabilized 


stabilized 


Fig. 2. Time converter circuit 
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Fig. 3. Calibration curves of time converter 
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Rs = 56kQ C7 = 0:5 uF 
Is = 50KO 
Bsa Vs = CV1065 
Kg 00 eee Ve = CV1065 
Ea ee V; = EF37A 
R55 = A2 8) Ve = BESTA 
ate Vo = EF37A 
be ae cet Vio = CV2I27 
C. = 0-002 uF Vir = CV858 
Go SORE: Vi2 = CV858 
Ci; = 0:01 uF Vi3 = CV138 
Cy = 0-01 pF 
C13 = 4 uF By =6V 
Cre— 0:01 uF By = 3V 
Cs 150k Bz = 48 V 
Cig = 1 UF Bg =3V 


do this the voltage output of the converter is applied to 
grid of a cathode follower V,g which drives a recordin 
milliammeter. The change in cathode voltage of Vj al 
triggers a flip-flop V,,, which produces two square waves 
each having a duration of approximately two seconds. TI 
negative square wave is differentiated and applied to a seco 
flip-flop Vj, which therefore triggers approximately tv 
seconds after the appearance of a reading on the recordi 
milliammeter. The pulse from V;, through the cath 
follower V,, closes the relay contacts K for about 0:35, 
thereby resetting the time converter. Provided the test 
impulses are arranged to occur at a rate not exceeding abo 
fifteen per minute, the equipment will record each time | 
automatically. 

The switching resistance R, allows different ranges ¢ 
time intervals to be expanded and calibration curves for t 
different ranges are given in Fig. 3. Non-linearity of the 
curves is due to the voltage on the integrating capacit 


lroming appreciable compared with the h.t. voltage, and 
ld be removed by switching in different values of capaci- 
ce. However, this non-linearity was considered to be an 
vantage for the longer time-intervals since a greater range 
jtime lags could then be recorded with a particular switch 
iting. 

it is of interest to note that the time expander described 
Dye is designed to record the duration of square pulses in 
= range 10-® to 10-3 as a meter reading, while the time 
pander designed by Moody) converts time intervals in 
» range 1-100mus into square pulses of duration propor- 
inal to the input time interval and of the order of 10~5s. 
erefore by using the two converters together it is possible 
Idisplay, as a voltmeter reading, time intervals from 10-2 to 
~ 3s with an accuracy of approximately + mys or 2 per cent, 
ichever is the greater. 


6. THE IMPULSE GENERATOR 


ihe single-stage impulse generator employed (Fig. 1), has 
jiischarge resistor R; such that the voltage wave applied 
the test gap, in the absence of a breakdown, falls to half 
Huein 2-8 x 10~*s, and for the range of time lags measured, 
}up to 10~*s the applied voltage decays by not more than 
P per cent. The series resistors (R, + R,) have a value of 
Q, giving a wave front of approximately 0-2 ps duration 
ithe test gap. 

Ehe resistor R; also serves as the upper arm of a voltage 
f der of which the lower arm consists of the matched cable 
1000 (2 impedance. This cable is used to take the voltage 
} se to the time converter, and is less than two metres long 
jthat the distortion introduced should not be great and 
riuld probably only significantly affect short time lag 
rasurements (i.e. less than 1 ys). The distortion by the 
ple would certainly not introduce appreciable error in the 
lasurements to be described below. 


7. PRELIMINARY RESULTS 


sing the equipment described above, preliminary results 
cerning the conditioning process of small gaps both in 
| and in liquid n-hexane have been obtained. While these 
jults are not extensive they are felt to be sufficiently 
eresting to warrant inclusion at this point. The most 
portant result is that conditioning, i.e. the process in which 
rking of the gap produces progressively increasing time 
, is extremely rapid when efficient spark quenching is 


Hor instance, copper electrodes of 1-25 cm diameter were 
bly turned, degreased in n-hexane and left in dry air for 
klve hours so that the surface had a definite oxide layer. 
hen set at a gap of 0-033 cm (i.e. a geometry corresponding 
ithat used by Llewellyn Jones and de la Perrelle) the 
tic breakdown field strength (E,) was 6:95 x 10* V/cm. 
series of time lag measurements was then made; a con- 
lioned state at any particular voltage being indicated by 
i virtual absence of breakdown. In this way it was possible 
icondition up to a field strength of 1-5 x 10° V/cm after 
ly 2200 pulse applications. On resuming measurements 
fer a further period of twelve hours, E, was unchanged, 
ile the conditioned state at 1-5 < 10° V/cm (greater than 
“,) was regained after twenty pulses. Increase of the 
bss to 1:6 X 10° V/cm did not produce any further con- 
lioning and a series of measurements at this stress yielded a 
par log, (N/n)/t relation from which a cathode emission 
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Measurement of the statistical time lag of breakdown in gases and liquids 


current J = 2-8 x 104 electrons/s was deduced, assuming 
W=1. Subsequent tests showed these results to be 
repeatable. 

The rate of conditioning was even more rapid for nickel 
electrodes. Such electrodes, smoothly turned and degreased, 
gave, for air, the same value of E, as for copper above. The 
gap was able to withstand a stress of 1:9 x 10° V/cm (2:7 E,) 
after 1800 pulses and it was possible to continue the con- 
ditioning up to 2 x 10° V/cm (2:9£,). As for copper 
electrodes this behaviour was reproducible. The condi- 
tioning rate for nickel electrodes given above should be 
compared with that quoted by Llewellyn Jones and de la 
Perrelle® in which conditioning to 1-5 E, required 45000 
pulse applications. 

At the stress of 2 x 10° V/cm, the emission rate was 
certainly less than 104 electrons/s (W = 1) for nickel electrodes, 
and this should be compared with the expected rate of 
approximately 6 x 10° electrons/s at a similar stress for a 
comparable oxidized nickel surface investigated by Llewellyn 
Jones and de la Perrelle, obtained by a linear extrapolation 
of their curve showing the field dependence of the emission 
current. 

It seems likely that the increased rates of conditioning and 
the higher stresses achieved are due to highly efficient diversion 
of the spark energy. In order to test this, time lag measure- 
ments were made in which the energy dissipated in each 
discharge was increased by an additional gap capacitance. 
The rate of conditioning was not only slowed down but in 
some cases ceased altogether. This latter type of behaviour 
has also been described by Llewellyn Jones and de la 
Perrelle,© who showed that heavy sparking of the electrodes 
resulted in a shortened time lag. The reason why the normal 
conditioning rate quoted by Llewellyn Jones and de la 
Perrelle® was much less than that found by the present — 
authors, is probably that less efficient spark quenching was 
used by the former workers. One further difference may 
also be important. The present technique employs a pulse 
repetition frequency of approximately fifteen per minute, 
whereas the former workers employed a rate of fifty per 
second. At the higher frequency, the rate of sparking may 
be such that stable conditions are not reached and a more 
rapid conditioning process thus prevented. 

Further conditioning experiments were performed with 
gaps of 5 x 10~3cm between 1cm diameter, spherical 
electrodes having highly-polished surfaces. Such gaps are 
of interest since similar arrangements have been used in 
investigations of liquid breakdown. Using highly-polished 
chromium electrodes in air, it was found possible to condition 
to a stress of 1-1 x 10° V/cm (approximately 2 £,) using 
about 300 pulses. Obvious conditioning ceased at stresses 
above this value and measurements at a stress of 1-2 x 10° V/cm 
and 1:5 x 10°V/cm yielded mean electron currents of 
2:5 x 104 and 1-0 x 105 electrons/s respectively. Although 
it is true that the emitting area is smaller than for a parallel 
plate arrangement, nevertheless, the low electron yield at 
such a high stress is surprising, especially as W [equation (2)] 
is unlikely to be greatly different from unity. Phosphor- 
bronze spheres with a lower degree of polish produced a lower 
value of E, (3:4 x 10° V/cm), but conditioned rapidly to 
a stress of 1:0 x 10° V/cm with less than 150 pulses. 

If such a gap is placed in purified liquid n-hexane it should 
be possible to measure the statistical lag in the same way 
as for the gap in air. In this application it is very essential 
that efficient spark limitation should occur, since rapid 
deterioration in the insulating properties of the gap due to 
deposits from the discharges will occur if the energy dissipated 
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is large. Conditions are also made more difficult by the 
greater breakdown strength of the gap and by the increase 
in gap capacitance resulting from the increased dielectric 
constant of the medium. Preliminary measurements with 
chromium electrodes as above and gaps up to 5 x 10~3cm 
have shown that it is possible to achieve a fair degree of con- 
ditioning in a manner similar to that in a gas. Ultimately, 
however, damage and deposits on the electrodes cause all 
the time lags to become short and prevent any further con- 
ditioning. As for a gas, the conditioning process is rapid, 
but sufficient time (5-10s) must elapse between sparks in 
order that any disturbance in the liquid caused by a spark 
may die out. 

With a gap of 3:4 x 10~3cm in pure n-hexane it was 
found possible to condition upwards from the static stress 
E, of 1:2 x 106 V/cm to a stress of 1:8, x 10° V/cm and at 
this latter stress there was a statistical variation in the time 
lag with a preponderance of long lags (greater than 10-3 s). 
Even at a stress of 1-9, x 106 V/cm although the lags were 
generally shorter, individual lags greater than 100 ws were 
recorded. It is impossible to give any reliable estimate of the 
cathode electron emission at such stresses since insufficient 
measurements could be made owing to final deterioration of 
the gap due to discharge damage. While it may prove to be 
impossible to make a sufficiently long series of measurements 
to estimate 7 and J under the conditions stated in Section 3, 
the method does allow qualitative comparison of cathode sur- 
faces and also indicates a statistical variation in the time lag. 
It is interesting to note that it is possible to achieve at least 
a limited amount of conditioning for electrodes in n-hexane 
and further that statistical variation of the time lag is found 
even at stresses of 1:9, x 106 V/cm where lags greater than 
100 ps have been recorded. At this stress, Goodwin and Mac- 
Fadyen™ found a constant time lag of 0:4 ys, and inter- 
preted this in terms of mechanisms occurring in the liquid. 
However, it would now appear that this short lag was due 
to the technique employed by these authors in which a virgin, 
i.e. unconditioned, electrode surface was used for each 
individual time lag measurement. As shown above, long 
time lags are observed when conditioned electrodes are used, 
and it is therefore suggested that the values of the time lags 
provide information on the state of the cathode, and are not 
apparently related to mechanisms in the liquid. 


8. CONCLUSIONS 


The ‘‘conditioning” process appears to be facilitated when 
the energy dissipated in the gap by a single spark is reduced. 
It is suggested that the conditioning observed is the result of 
two opposing effects caused by the spark. It is conceivable 
that extremely low energy sparks would produce “ideal” 
conditioning, but that sparks of higher energy produce 
damage which lessens and may even annul this conditioning. 
As conditioning proceeds and the gap voltage is raised, energy 
dissipation increases as the square of the voltage, and 
eventually a voltage is reached at which the “ideal” con- 
ditioning is annulled by spark damage and_ further 
conditioning ceases. 

It has been suggested that, in the case of gases, conditioning 
results in the removal by the discharge of any “‘high spots’’ 
on the cathode. This is not supported by the present evidence 
since reduction in the energy dissipation during a spark 
increases rather than decreases the conditioning rate. 
Further, the electrodes used in the above experiments were 
microscopically extremely rough and conditioning was so 
rapid that it is unlikely that any appreciable change in the 
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surface micro-geometry occurred. Certainly, no evidence of Ii 
such changes could be found by microscopic examinatio n . 
It seems likely, therefore, that the conditioning process 1s 4 i 
complicated one in which the reduction of high spots may i 
not be the only or even the most important change. 1e l 
nature of the spark is such that vigorous electro-chemical }); 
processes probably occur on the cathode and in the gas. If 
the emission occurs mainly from a few active sites of small 
dimensions, comparatively few sparks may suffice to reduce l 
the activity of these sites:and thereby cause a large reductio nj 
in the emission. at 
The experiments performed by the authors, although not i 

{ 

i 


influenced by the experimental technique. 
discussion in Section 3-2 it would seem that, until the exa | 
nature of the conditioning process is understood, experimental 


| 


H 


results should be treated with caution. 
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carrier mobility in the material used. 


ihe large Hall effect in certain semi-conductors has led to 
Hie use of germanium as a fluxmeter material for the measure- 
lent of magnetic fields.) The advantages of fluxmeters of 
jis type are: (1) direct and stable reading; (2) linear scale; 
/) small probe size, which will measure the field over a very 
mall area and in narrow gaps; (4) robust output meter. 
malysis of the requirements for a fluxmeter material show 
rat the main requirement is a high carrier mobility, and in 
uis respect indium antimonide, a semi-conductor possessing 
se highest known mobility of over 60000 cm?/V.s, com- 
ered with 3600 cm?/V.s for germanium, has important 
Hyantages over the latter substance. An account is given 


GENERAL CONSIDERATIONS 


& For a specimen of length L, breadth b, and thickness ¢ cm, 
fe magnitude of the Hall voltage is given by 


Vy = 10-*(RAi/t) volts (1) 


iiere R is the Hall constant (cm?/coulomb), H is the magnetic 
eld in gauss, and 7 is the total current in amperes. If the 
all probes are connected directly to an external load, such 
| a milliammeter, experiment shows that considerable 
firrent may be drawn from the contacts, and the current 
owing in the external circuit is given accurately by the 
ikpression 


lout ss Val Zext or Zint) 


here Z,,, is the external load and Z;,, is the internal 
-sistance of the specimen measured between the Hall probes. 
int depends on the method of making contact and on the 
‘eometry of the specimen, but for the low resistance soldered 
pntacts of the type with which we are concerned, we may 
ke Z,,, = Kpb/Lt, where p is the resistivity and K has a 
lalue between 2 and 5 usually. If the specimen is matched 
the load so that Z,,, = Z,,,, the power output is given by 
| Wo = (V2 14Zex:) = V7,L1/4Kpb) 

fhe power supplied to the specimen is W, = (i?pL/bt) so that 
ine efficiency of the device, defined as the ratio of output 
ower to input power, is 

| et 10. RAH? 
1 4Kpiz  — 4Kp? 


The value of the Hall constant R is given by 


(2) 


| 
| 
i 


_ 3m neh — PPS 

| 8le| (pn + Ply)? 
vhere n and p are electron and hole concentrations, p.,, and 
|. are electron and hole mobilities (cm2/V. s) and e is the 


H ectronic charge in coulombs. If germanium is used in the 
hevice the material is extrinsic (ns p) for two reasons: 
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Indium antimonide as a fluxmeter material 


By E. W. SAKER, Ph.D., A.Inst.P., F. A. CUNNELL, Ph.D., and J. T. EpmMonp, M.A., A.Inst.P., 
Services Electronics Research Laboratory, Baldock, Herts. 


General principles in the measurement of magnetic fields by use of the Hall effect are considered, 

and it is shown that the efficiency of Hall generator devices is proportional to the square of the 

i Indium antimonide, a semi-conductor with a very high 

carrier mobility, is therefore very useful for such a purpose. 

probe units using indium antimonide is described. Sensitivity and linearity are discussed, and 
methods are given for temperature compensation. 


The construction of fluxmeter 


(1) to reduce the resistance of the specimen; (2) to reduce the 
temperature sensitivity of m and therefore of R. In this case 
the expression for R reduces to the simple form 


IR = 30r/8ne 


for not too impure material. If indium antimonide is used 
the material is actually intrinsic (1 =p), but since p, is 
greater than y, by a factor of approximately eighty the 
presence of the holes may be ignored and the expression for R 
again reduces to the simple equation. Using the expression 
p =(nep)-! we have that R/p = (7/8)u, so that in 
equation (2) 
97? 1 
1 = 756K 10-17? (3) 

For sensitivity the input power will be made as large as 
possible, the limit being set by that dissipation which will 
cause a significant temperature rise in the specimen. For 
similar substances like germanium and indium antimonide 
this will depend only on the surface area and hence for 
identical geometry will be the same in both cases. Hence it 
is shown that in a given field the available power depends 
only on the square of the mobility. The power available 
from indium antimonide will therefore be approximately 
(60.000/3600)2 = 280 times greater than that available from 
germanium. The input current will be much greater in the 
case of indium antimonide, but since the material has low 
resistivity this causes no embarrassment. 

The available power is only obtained in practice if the 
meter is matched to the Hall impedance Z;,,,. With ger- 
manium this is easy to arrange; if the resistivity of the 
material is such that it is not temperature sensitive, the 
resistance of a specimen of the required dimensions is such 
that it can easily be matched to a milliammeter of normal 
resistance. With indium antimonide this is not so easy as 
the resistivity of the intrinsic material is approximately 
5 x 10-3 Q.cm. The resistance of the specimen is made as 
high as possible by reducing the thickness, but the brittleness 
of the material precludes the use of specimens thinner than 
about + mm without the use of elaborate care. The resistance 
between the Hall probes of such a specimen is about 0:5 Q 
using soldered contacts. Milliammeters are not usually 
made with such low resistance; one which has been in use 
in this laboratory has a resistance of 3:5Q. It can be 
shown that in this case the power delivered to the meter is 
44°% of that available with perfect matching. Such a mis- 
match still leaves a large factor in favour of indium antimonide, 
and improvements may be expected with better techniques. 

The calculation of efficiency performed above is the most 
fundamental, but different considerations may apply under 
different operating conditions. If, for example, the specimen 
is used in conjunction with an amplifier of high input 
impedance the important consideration will be Hall voltage 
and not Hall power. In this case it may be shown by an 
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argument similar to the one above that the output voltage in 
terms of input power is 


For specimens of similar geometry and equal input power 
the significant factor is (uR)*. For pure indium antimonide 
R = 350 cm3/C, ps = 60000 cm?/V.s, and (wR)? has the 
numerical value 4:6 x 103. For germanium of resistivity 
1 Q.cm (R = 4200 cm3/C) the value is 3-9 x 103, and for 
5 Q.cm material (R = 21000 cm3/C) the value is 8-6 x 10°. 
Germanium of resistivity greater than about 1:5 Q.cm 
therefore has an advantage for this type of application, which 
is however less usual. If alternating current is used for the 
primary supply the Hall voltage may be fed into an amplifier 
by means of an input transformer. The ratio of this trans- 
former may be considerably higher in the case of indium 
antimonide than for germanium because of the low output 
impedance, so that the advantage of indium antimonide is 
regained. 


PRACTICAL CONSIDERATIONS 


(a) Construction of probe unit. For the construction of 
fluxmeter probes using indium antimonide, the material 
must first be purified by zone-melting until it is intrinsic. 
The specimens used for the fluxmeter are ground to the 
approximate size 5-10 mm x 24mm x ~0:25mm. The 
ratio L/b should not be less than 3 or the Hall voltage will 
be reduced by the short-circuiting effect of the current 
electrodes. It is advantageous to make the specimens as 
thin as possible, but as stated it is difficult to handle speci- 
mens thinner than about + mm without risk of fracture. The 
specimen is copper plated and the electrodes are soldered on, 
after which the excess copper is removed by immersion in 
nitric acid. If necessary, contacts may be soldered on directly 
using ordinary soft solder. The specimen is then embedded 
in cold-setting resin or otherwise protected against mechanical 
shock. Fluxmeter specimens of indium antimonide embedded 
in transparent resin and encased in Perspex holders were 
demonstrated at the 1954 Physical Society Exhibition. 
Currents of 100 mA may be passed through fully enclosed 
specimens of the size quoted without undue heating. 

Due to inaccuracy in alinement of the Hall probes, a 
voltage usually appears at the probes when current is passed 
through the specimen in the absence of a magnetic field. 
This may be compensated in a number of ways, of which the 
most simple and elegant is that described by Kuhrt.©) The 
Hall probes are joined to their respective points of equi- 
potential on a potentiometer wire in parallel with the speci- 
men, the output meter being in one lead (Fig. 1). This 
method has the advantage of keeping the output resistance 
down to a minimum. 

(6) Sensitivity. The sensitivity of the device is such that, 
using a current of 100 mA, a deflexion of about ith division 
is produced on the measuring meter (1 mA full scale, 
100 divisions, 3-5 (2) if the probe is held so that the vertical 
component of the earth’s field passes normally through the 
specimen and is then rotated through 180° about a horizontal 
axis. This corresponds to a change in field of about 1 oersted. 
Hence fields upwards of 10 G can be measured with accuracy. 
If the output from the Hall probes is amplified instead of 
being fed directly into a meter, much smaller fields can be 
measured. The noise appearing at the Hall probes is low 
and it appears that fields of the order of 1/1000 G could be 
detected. Difficulties might arise from thermomagnetic 


218 


effects in the specimen (Ettinghausen and Nernst effects), i 
but these could be eliminated by the use of alternating current jf 
for the primary supply. This would also make amplification | 


easier. 


Fig. 1. Compensation 4 
of zero-field voltage 
between Hall contacts § a 


(c) Linearity. Provided that the material used is intrinsic { 
or n-type, the Hall voltage depends linearly on H and i. | 
Fig. 2 shows V;, and V4 (where V4 is the voltage across the 
current electrodes of the specimen for constant 7) for 
intrinsic specimen using fields up to 26 kG. The ratio Vz/V, 
is also shown. Since the Hall voltage arises from the rotatio. 
of the lines of equipotential in the specimen in a magnetic jj 
field, it is obvious that V;, cannot exceed V4. For fields of © 
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Fig. 2. Hall voltage V;; and applied voltage V, as | 
functions of H for constant input current 


only a few kG V;, is an appreciable fraction of V4, an : 
linearity of V,, with H is only possible because in high fields — 
V, (for constant current) also increases linearly with H cued 
to the magneto-resistive effect. Owing to the increase in | 
resistance of the specimen, the total resistance of the output | 
circuit increases in high fields and the output current will |) 
not be completely linear with H. For this reason it is desirable 
to.cut down the sensitivity in high fields by putting a resistance | 
in series with the output meter rather than by cutting dowalll 
the primary current. A 
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p-type material is used, R is a function of field and the 
jussmeter is not linear.“ 

(d) Temperature compensation. Whereas the Hall constant 
| germanium of a few {).cm resistivity is independent of 
iaperature up to about 50° C, the Hall constant of indium 
itimonide is temperature dependent and a gaussmeter 
st be compensated against temperature changes if accurate 
Pasurements are to be obtained. Compensation can be 
)plied in the following manner by simple methods. 
Elimination of R in equation (1) by the substitutions 
+= (37/8)(1/ne) and i = Vyneutb/L leads to the expression 


ie 2 


==410= 5 —— 
Vag § 


lpmpensation is then applied in two stages: 


(1) by maintaining a constant voltage across the specimen 
at every temperature. This corrects for the fall in 
resistance due to the increasing number of carriers as 
the temperature rises. The voltage applied can con- 
veniently be monitored using the output meter and a 
suitable series resistor; 


(2) by correcting for the fall in mobility with increase of T. 
' This can be done in two ways: 


(a) by using a piece of germanium in series with the 
meter with which the voltage applied to the specimen 
is monitored. The germanium should be n-type and 
extrinsic (constant number of carriers) and of such 
resistivity that lattice scattering is dominant. If Vj, is 
the voltage across the meter then 


Zi Yh Z, 
Ve Vig Get 4m Vy = if ZG. > Zu (3) 
Ling Z 
so that in equation (4) 
Bree ewe Sg 
Say 8 M*Ge Fh 6 
eg pig ©) 


Now Z,, « T3/? for lattice scattering and p oc T—3/2 
so that Vz, is independent of T; 

(6) by inserting a variable resistor in series with the 
measuring meter (Fig. 3). This resistor R, is ganged 
to the variable resistor R, with which the current is 
adjusted to give constant voltage across the specimen. 
If the temperature rises, the resistance of the specimen 
falls and the current must be increased by operation of 
R, to give constant voltage. This adjustment auto- 
matically decreases R, to an extent which compensates 


Method of compensating fluxmeter against 
temperature changes 
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| Fig. 3. 


Indium antimonide as a fluxmeter material 


for the fall in mobility so that the output current for a 
given field remains constant and independent of 
temperature. 


These methods of compensation have certain dis- 
advantages. In method (qa) it is assumed that the temperature 
of the germanium is the same as that of the indium antimonide. 
The germanium should be mounted in the same holder as 
the specimen, but even so the current passing through the 
latter may cause a temperature difference. The exponent in 
the mobility relation is actually greater than 3/2 for both 
materials, but the values for the two are sufficiently close to 
each other for practical purposes. The method described 
gives constant voltage and not constant output current for a 
given field, and it is therefore desirable that the resistance of 
the output meter should be higher than that of the specimen. 
In method (4) it is necessary to measure the resistance-tem- 
perature and mobility-temperature characteristics of the 
sample so that the amount of resistance required in the 
output circuit as a function of temperature can be calculated. 
However, this method can, in principle, correct for any form 
of mobility-temperature behaviour, and does not assume 
that the temperature of the specimen is the same as that of 
the ambient. Since a fall in the voltage of the source would 
cause a fall in V, which could not be compensated by R, 
without upsetting the calibration, it is necessary to provide a 
third variable resistor R, which is adjusted to give a specified 
voltage (e.g. 1-8 V if an accumulator is used) between points 
C and D. The output meter, with suitable series resistor, 
may again be used to monitor this voltage. 

Using these methods, the output for a given magnetic field 
has been maintained constant within 2°% for temperatures in 
the range 0-40° C, and within 1° for temperatures in the 
range 10—-30° C. 


CONCLUSIONS 


It is seen that the efficiency of Hall generator devices is 
proportional to the square of the carrier mobility in the 
material used, and is independent of the Hall constant. A 
fairly high Hall constant (in the region of a few thousand) is, 
however, desirable in order that the resistance of specimens 
shall be high enough to facilitate matching of the output 
circuit. The efficiency of indium antimonide, when properly 
matched, is approximately 280 times that of germanium. 
Linear low-resistance contacts may be made on indium 
antimonide using soft solder and without preparation of the 
surface. It is necessary to compensate indium antimonide 
against temperature changes if accurate measurements of 
field are to be made, but this can be done by simple circuits. 
(if power is taken from a germanium specimen this also 
needs temperature compensation for accurate measurements, 
for although the Hall voltage is independent of temperature 
the resistance of the specimen is not, owing to mobility 
changes.) Indium antimonide gives a sensitivity of 10G 
without amplification and using a portable and robust output 
meter. For the detection of low fields, efficient use could 
be made of the low output resistance by using an a.c. supply 
and transforming the output voltage with a transformer of 
about 1000: 1 ratio. Alternatively a magnetic amplifier of 
low input resistance could be used. 
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APPENDIX 
The magneto-resistive effect in indium antimonide may 
also be used as a means of measuring magnetic fields. The 


The disturbance of stress in an infinite plate 
by a lemniscate-shaped hole 


By W. SNowpon, M.Sc., University of Nottingham 
[Paper received 16 February, 1955] 


Curvilinear co-ordinates are used to determine the functions of a complex variable, from which 
may be deduced the components of stress and displacement for an infinite plate perforated by 


a double hole, the boundary of which is the lemniscate of Bernoulli. Fou : 
mple tension in any direction; in the second, the 


l-round tension; in the third, it is supposed to 

be in a state of pure shear having any orientation to the lemniscate; and in the fourth, the hole 

is assumed to be an area of compression in an otherwise undisturbed plate. 

expressions are obtained for the stress at the edge of the hole, and numerical values of this 
stress are tabulated and displayed graphically. 


in the first, the plate is assumed to be under si 


plate is assumed to be in a state of uniform a 


1. SUMMARY OF THEORY IN CARTESIAN 
CO-ORDINATES 


The problem of finding the stresses and strains in a thin plate 
caused by forces in its plane applied at its boundary depends 
upon the determination of a stress function ¢ satisfying the 
equation 


(d4p/dx4) + 2004h/dxdy2) + 46/dy4) = 0 (1) 
The two normal components of stress o,, and o,, and the 
shearing stress 7,, at any point are obtained from the stress 
function by the use of the equations 


0, = 7d/Py?, 0, = 7h/dx?, Ty = — O7h/oxdy) (2) 


No account is taken here of body forces such as the force of 
gravity. Now it may be shown® that any solution of 
equation (1) may be expressed in the form 
b = Re[Z(z) + x] (3) 
where (z) and y(z) are analytic functions, and that the 
converse of this is true, so that the stress function ¢ is deter- 
mined when is(z) and y(z) are chosen to satisfy the boundary 
conditions. The boundary conditions are usually expressible 
in terms of specific values of the stress components, which 
are defined in terms of the above analytic functions by the 
equations 
a, + o, = 4Re[/(z)] 
Ca Op et 2[2b'(z) + x2] (4) 


the latter being equivalent to two equations by a separation 
into real and imaginary parts. The components of displace- 
ment wu and wv of a point of the plate from the position it 
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a 


effect is larger than in bismuth, and by a suitable choice of t 1€ {Ih 
dimensions of the specimen, may be larger by a factor of } 
ten or more. Calculation shows that in fields greater tha 
about 5kG a bridge network using the magneto-resistiv 
effect would give greater output than the Hall fluxmeter, bul 
in low fields the operation of the H2 law in the magneto: 
resistive effect reduces the output to below that of the Hal 
fluxmeter. The device would also suffer from non-linearity | 
with H for small values of H and would be more complicated 


in temperature compensation. a) 


Four cases are considered ; 


In each case, 


occupied before the external forces were applied are give 
by the following equation : 
—"4Wo-4FO-xO OF 


where v is Poisson’s ratio, and G is the modulus of elastici ry q 
in shear (or modulus of rigidity). , 


2G(u + iv) = 


2. SUMMARY OF THEORY IN CURVILINEAR ‘ 
CO-ORDINATES 


The reasoning of Section 1 has been adapted (Ref. 1, | 
p. 197) to solve the case of a figure defined by constant values 
of curvilinear co-ordinates (€, 7) defined by a transformation }) 
z=f(Q where © =€-+ in. The values of f(z) and x( 
are obtained by substitution of the boundary values of th 
stress components in the following relations. 


oz + o, = 4Re [b'(2)] ed | 
O, — Ge + 2ite, = 2 exp (ice) [2b’’(z) + x] ( 
exp (2ix) = f’(O/F'(O ( 


The theory, of which the above is the merest outline 
illustrated by Timoshenko and Goodier (Ref. 1, pp. 197-201 
by a solution of the case of an elliptic hole in an infinite plate. | 
The object of the present work is to provide a second illus-" 
tration using different curvilinear co-ordinates, and to cba 
numerical results from the formulae proved. > 


3. THE PROBLEM APPLIED TO A PLATE coal 
SIMPLE TENSION eri 


where 


The curvilinear co-ordinates used are defined by 
C = log, @ — 1) 


The disturbance of stress in an infinite plate by a lemniscate-shaped hole 


pre z — 1 =r, exp (i0,) andz + 1 =r, exp (i0,). & = €, 
ines an oval of Cassini when & ) > 0, and the lemniscate 
Bernoulli when €) = 0, while when & <0, the curve 
psists of two detached ovals surrounding the points (1, 0) 
i (—1, 0). 
he curve of particular interest in this work is the lemniscate 
= 0, Le. 772 = 1 which is drawn in Fig. 1. Consider an 
inite plate in a state of simple tensile stress S, the direction 
| hich is inclined at an angle f to the x-axis in the manner 


The 
rn here is to find the potential functions for such a plate 
km which it is possible to deduce formulae for the com- 
ents of stress and the components of displacement at any 


= 
$s aoe 


= oe 


Fig. 2. Plate under simple tension, showing the meaning 
of the angle 6 


nt of the plate, and to investigate the stress round the 
lundary of the hole. 


4. THE CONDITIONS TO BE SATISFIED 


By a rotation of the axes through an angle f, it may be 

bwn (Ref. 1, pp. 201-4) that the stress components at 

linity (i.e. where € -> oo) must satisfy the relations 

(ico oS, 0, — a, + 2ir,, = = S exp (— 2iP) 

jerefore, from equations (4), the complex potentials »(z) 
x(z) sought as a solution of the present problem must 

isfy the conditions 


| 4Re [b'(2@)] = S$ 

< 2[2b(z) + x’) = — S exp (— 2i8) 
addition, it is necessary that o; = Tz, = 0 on the boundary 
ithe hole (i.e. where € = 0). Therefore, from equations (6), 


+ following condition must be satisfied along the lemniscate 
= 0. 


at infinity (9) 
at infinity (10) 


2Re[zh'(z)] — exp (Zia) [2’(z) + x’@] = 0 (11) 
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the factor exp (2ix) being defined as in equation (7), where 
S(O = [exp (O + 1}. 

In going round the lemniscate, 7 goes from zero to 47. 
Thus displacement and stress components must be periodic 
in 7 with period 477, since they must have the same value for 
7 =0 as for 7 =47. This means that (z) and y(z) may 
be made up of functions of exp (nZ/2) where n may take 
positive or negative integral values, while in addition, from 
equations (3) and (5), y(z) may include a term C¢ where C 
is some constant. The usual method (Ref. 1, pp. 197-201) 
of obtaining these functions is a tentative one, in which both 
(z) and y(z) are evolved by trial at the same time. The 
procedure used successfully in Section 5 is to choose a suitable 
function for s(z), and to obtain the corresponding expression 
for x(z) by two integrations, modifying y(z) where necessary 
until the functions together satisfy the required boundary 
conditions. 


5. SOLUTION OF THE PROBLEM 
Let 
Wz) = A exp (€/2) + Bexp (— ¢/2) 
Then 
$(z) = [1 + exp (Q)P[A exp (— €/2) + Bexp (— 3¢/2)], 
Condition (9) is satisfied by taking A = S/4. Also 


p’'(z) = — A exp (— 3¢/2) + B[3 exp (— 5€/2) 
+2exp(— 3¢/2)] 


Now along the lemniscate, € =0, so that c— — € and 
making this substitution in equation (11), the result is 
x (2) = A[] + exp (OF [exp (— 34/2) 
+ 2 exp (— 20] — Bll + exp (Q) [4 exp (— 32) 
+ 2exp (— 20) + exp (— ¢/2)] 2) 

If this expression is taken to apply to the whole plate, 
condition (11) at the edge of the hole is satisfied. Now for 
this value of y’’(z), 
2[ab(z) + x2] = 2[1 + exp (OF 

{— A exp (— 3£/2) + BL exp (— 52/2) + 2exp(—30/)]f 

+ 2[1 + exp (O}{Alexp (— 3/2) + 2 exp (— 29] 

— B[4 exp (— 30) + 2exp (— 20) + exp (— ¢/2)]} 


As & tends to infinity, every term except the last in this 
expression tends to zero, so that the whole expression tends 
to the value —2B. Thus condition (10) is satisfied by taking . 
B =4Sexp(— 2if). Therefore the first of the required 
potential functions is 


(2) = (S/4) [exp (£/2) + 2 exp (— 2i8) exp (— €/2)] 
(13) 


Substituting for A and B in equation (12) and integrating 
twice, the results are 


x(z) = — (S/4) [exp (— 2) + exp (— ¢/2)} 
+ (S/2) exp (— 2i8) [exp (— 20) + exp (— £) — exp (¢/2)] 
(14) 
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and 
x(z) = — ($/4)( — exp (— 2if) log 
{[ + exp (Q)|? — iNT + exp(— OF 4 1} 
[1 + exp (O}} exp (— 2i8) exp (— 9) G5) 


It is necessary at this stage to ensure that the functions 
y(z) and x(z) obtained above imply no discontinuity in the 
displacement. The displacement function defined by 
equation (5) is found to be 


u + iv = (S/8G){(3 — v) [exp (¢/2) + 2 exp (— 2iB) 
exp (— GD +») — [1 + 2 exp ( cos » + exp 26) Ft 
[exp (— 2/2) — 2 exp (— 2i8) exp (— 3¢/2)] + exp (— a) 
1/2) — 2 exp (— 2if)[exp (— 2) 
+ exp (— £) — exp (€/2)]} 


Since this expression involves ¢ only in exponential form, 
having real and imaginary parts periodic in 7 of period 47, 
2 or 47/3, it follows that in a circuit of any oval or lemniscate 
€ =constant, the displacements u and v return to their 
original values at the starting point. Thus the formulae for 
the displacement components are continuous, and this verifies 
that expressions (13) and (15) constitute a solution of the 
problem. 


L exp ( 


OF "STRESS AT THE. EDGE _OF 
THE HOLE 


6a CALCULATION 


On the boundary of the hole, o, = 72, = 9, and so the 
component of stress there is o,, which from equations (6) is 


(c,)z=0 = 4Re [W’@] 
= SRe[z(z? — 1)-4 — 2z exp (— 2iB)(z2 — 1)-4] 


= S[r/(ryr2)*]Re(exp {i[0 — 40, + 6,)]$ 
— (2/ryra) exp {i[9 — 28 — 3, + 8)]}) 


Using the facts that along the lemniscate, r2 = 2 cos 26, 
rr. = 1, and 0,+0,=40 in the first quadrant, this 
simplifies to 


(c,,)z-0 = S(2 cos 26)t[cos 8 — 2 cos (2B + 58)] (16) 


The variation of the stress along the edge of the hole in 
the first quadrant, for values of 8 from 0° to 165°, at intervals 
of 15°, is shown in Fig. 3. 

It will be observed that the stress at the centre of the 
lemniscate (9 = 45°) is zero for all values of 8. The envelope 
of the family of curves is (¢,)z—o = S(2 cos 20)4(cos 6 + 2) 
which is of interest as indicating the limits between which 
the value of the stress varies at any point of the boundary, 
irrespective of the value of 8. These limits may be expressed. 
in the concise form S(x + 2r). Noting that the variation of 
stress round the whole lemniscate for a given inclination 
of tension is covered by the pair of curves 8 = f, and 
B =a —,, the range of values of stress is greatest for 
B = 90° (—0-98S to 4-24S) and least for B = 0 (—1-41S to 
2-605). The stress at any point of the boundary may be 
made zero by inclining the tension at either of two angles to 
the x-axis; in particular, the stress at the point where the 
curve cuts the x-axis is zero for 8 = 30° and 6 = 150°. 

For all values of 8 except two, the value of d(a,)/d@ at 
the centre of the lemniscate is infinite. It is easy to show 
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that the exceptional values are B = 77/8 + 4.sin—'[y/ (2)/4] 
32° 51’, cand B =to77/8 = £sin—! [y/(2)/4] = 102° 9, 
that for these values of 8, d(o,,)/d@ = 0 when @ = 45°. 
physical significance of these two angles concerns the occu 
rence of points of zero and maximum or minimum stress ¢ 
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Fig. 3. Variation of stress along the edge of the hole in 

the first quadrant for a plate under simple tension in a | 

direction at an angle f to the x-axis, for different values. 
of 6 marked on the curves eB | 


the edge of the hole. This is best expressed in the follo ir 
tabulated form. The numbers refer to the whole lemniscat 


No. of points of No. of turning 


Value of 8 zero stress values of stress 
0 <B< 32°51’ 4+ centreO 4+ ve and 2—y 
32° 51’< B<77°51’ 6+ centreO 4-+ve and 4 —@ 
TE-S4 B= 90% 4+ centreO 2-+-ve and 4—y 


7. FURTHER DEDUCTIONS BY SUPERPOSITION 


By combining the potential functions obtained as a solution 
of the above problem for the two cases 8B =f, at 
B = 7/2 + B,, where 8, may have any value, the potentia 
functions appropriate to the problem of finding the disturbance 
of stress produced by a lemniscate-shaped hole in a plate 1 
a state of uniform all-round tension S is obtained. 
solution is 


(2) = (S/2) exp (£/2) 
x(2) = — (5/2) log {[1 + exp (O} — 1} | 
{[1 +exp(— OF +1) 


and the stress round the edge of the hole in the first quadrant i 


(o,)ze—0 = 2S cos O(2 cos 20)! = 28x (1g 


The maximum value of this occurs when @ = 0 so that 
maximum stress on the boundary of the hole occurs at if 
intersection with the x-axis. Fig. 4 shows graphically th 
variation of the stress along the edge of the hole in the fir 
quadrant. 
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Py. combining the potential functions (17) obtained as a 
jition of the problem for a uniformly stressed perforated 


te, and the potential functions for a state of undisturbed 


+ 
fe) 10° 20 30° 40° 5 


Sig. 4. Variation of stress along the edge of the hole in 
one quadrant for a uniformly stressed plate 


~mmniscate-shaped hole in an otherwise unstressed plate is 
#ained. This requires the addition of —Sz/2 to x(z) as 
en by formula (17), x(z) being left unaltered, so that 


bz) = (S/2)[(@? — 1)? — z] 


e 


the boundary of the hole, in the first quadrant, 
(c,)e=0 = 2S cos O(2 cos 20): — S = S(2x — 1) 
‘ (Gz)e—0 =— § 


Finally by superposing the results of the original problem 
ved in Sections 3 to 6 for the two cases 8 = B, with 
native S, and 8 = 8, + 7/2 with positive S, the result is 
- solution for a lemniscate-shaped hole in a plate in a state 
spure shear in any direction. The potential functions are 


(2) = — Sexp (— 2iB) exp (— ¢/2) 
h(z) = — (S/2) exp (— 2i8)([1 + exp ()]¥ exp (— 
+ log {[1 + exp (Q)]}! — 1}{[1 + exp (— 0} 4 


1\) 
(19) 


the stress component on the boundary of the hole is 
| (c,)z-0 = 48 cos (28 + 56)(2 cos 26) (20) 


». 5 shows the variation of the stress along the edge of the 
le in the first quadrant for values of 8 between 0 and 165° 
I 15° intervals. The envelope of the family of curves is 
We-0 = & 4S(2 cos 20)%, giving the limits between which 
> stress varies at any point of the boundary. Expressed in 
ims of r these limits are +4Sr. 
(Taken in pairs, the curves give the stress round the complete 
mniscate for a given direction of pure shear. In the first 
d third quadrants, the appropriate curve is that for —S 
bng B =f, and +S along 8 = 7/2 + f,; in the second 
id fourth quadrants, the curve for —S along 8 = 7 — By 
i +§ along B = 7/2 — B, must be taken. It will be seen 
Wat the stress may be made zero at any point on the boundary 
; taking one suitable pair of directions of pure shear. 

he value of d(c,)/d0 is infinite at the centre of the 
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lemniscate, except for the case of pure shear corresponding 
to +S along B = 224° and +S along B = 1124°, when the 
curve is a tangent to the @-axis when @ = 45°. The significance 
of this as regards points of maximum and minimum stress is 
that when one direction of the tension or compression S' is 
at an angle less than or equal to 224° to the x-axis, there are, 
round the whole lemniscate, four points of negative and two 
of positive turning stress separated by the origin and four 
other points of zero stress; but when one direction of +5 is 


6S 7 
(c') 
45 
(d') a (b) 
25 
(9) 
2 (1) 
BOY {e) 10° S sto j 400 ' f) 
ue (9) 
2s 
(d) (¢) 
=45 
(2) 
(f) 


=55 


Fig. 5. Variation of stress along the lemniscate in the 
first quadrant for a plate in a state of pure shear, the 
tension and compression being orientated as below 


(a) (—S)p = 0° (by: (2S) 8 = 15) 6) CSB 165, 
(+5S)B = 90° (+S)B = 105° (+S)B = 75° 
€e) SB e302 (6) (SB 150) SP ae AO 
(+5S)6 = 120° (+5S)6 = 60° (+5)p = 135° 
(d) (—S)B = 135° (e) (—S)B = 60°. (e’) (— S)B = 120° 
(+S) p = 45° CS = 150. (+S)p = 30° 
Cf) CAS)B = 15. GCS) 8 = 105" (8) CC S)B 90: 
(4:5) = 165° (+8)B = 15° (+5) 6 = 0° 


at an angle greater than 224° to the x-axis, the turning values 
are increased to four negative and four positive, and the 
points of zero stress to six, in addition to the origin. 
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NOTES AND NEWS 


Correspondence 


Motion of water droplets of an emulsion in a non-uniform field 


In an interesting paper by Pearce describing microscopic 
studies on “The mechanism of the resolution of water in oil 
emulsions by electrical treatment,” published in this Journal, 
an inconsistency between theory and observation in the 
motion of water droplets in a non-uniform electric field was 
reported. Although a spherical conductor in a non-uniform 
electric field is subject to a force in the direction of increasing 
field strength, migration of water droplets towards the 
strongest part of a radial field was on no occasion observed. 
The conclusion drawn by Pearce was that this force is 
ineffective, though the reason for the inconsistency was not 
revealed. 

The explanation of Pearce’s results was found to lie in the 
fact that his observations were carried out on a concentrated 
emulsion (10%) in a microscope cell with an extremely small 
sample thickness (0-:1mm), circumstances which cause 
hindrance of the movement of the droplets owing to chain 
formation and coalescence to larger droplets. 

By using a microscope cell with a sample thickness of 3 mm 
and employing very dilute emulsions (0-1°%), observations on 
free floating droplets could be performed. Using this arrange- 
ment it was found that: 


1. The water droplets move in the direction of maximum 
field strength. 

2. Large droplets move faster than small ones, other con- 
ditions being kept constant. 

3. The velocity of a droplet increases rapidly with decreasing 
distance from the central electrode and/or with increasing 
voltage over the electrodes. 

4. Droplets collect around the central electrode and form 
radial projections. 

5. Chains of droplets are formed after some time in the 
bulk of the liquid. 


Observations 1, 2 and 3 are in qualitative agreement with 
the equation of motion, which reads: 
dr V2 27 
ae es 
di-—<og, f)e 


Creep 1 


h Ee ae aes 
where See ban 


€, = dielectric constant of disperse phase, 

€> = dielectric constant of continuous phase, 

7 = viscosity of continuous phase, 

V = voltage over the electrodes, 

al i ol li» 

= radius of outer electrode, 

= radius of inner electrode, 

radius of droplet, 

= distance from centre, 

= unit vector in the direction of field gradient. 


| | 


| 


~ Sion s 


The following examples show that the observed and cal- 
culated particle velocities are of the same order of magnitude. 
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Velocity (u/s) 
observed calculated 
0:2 0-1 
6°9 2:6 


Since large droplets overtake smaller ones by their more}f 
rapid motion (observation 2), an additional mechanism f/f 
chain formation and subsequent coalescence is involved. || 

From the above it can be concluded that a general move} 
ment of droplets in the direction of maximum field strength|— 
takes place. The photographs opposite demonstrate he) 
phenomena described. Similar observations were made or i 
carbon black suspensions. It may be mentioned here thal) 
Pohl®) applied a non-uniform electric field for removing car ]: 
bon black filler from diluted samples of polyvinylchloride. Bi: 


Koninklijke/Shell-Laboratorium, Amsterdam (N.V. Di 
Bataafsche Petroleum Maatschappij) for permission 
publish this work. 


Koninklijke Shell-Laboratorium, 
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The results described by Bezemer and Croes form an interest 
ing extension of my work. By using emulsions of low wate 
content they have so far reduced the chain forming forces te 3 
which I drew attention, that they have been able to observes: 
and measure the effect of non-uniformity of the electric field i 
In my own experiments this effect was masked, not so muck 
by the “hindrance”? to droplet movement as by the rapa 5 
formation of droplet chains. 
The authors have not given the value of the field strenge 
used in their experiments, but the droplet velocities whict 
they observed are much lower than those occuring in my 
own and I estimate that this must in general be so. Again) 
the non-uniformity of the electric field can only bring about 
coalescence when the droplets arrive at the central a 
or overtake one another on the way and thus the m 
distance travelled by each droplet, before coalescence, m 
generally be greater than when chains are formed. The 4 
two factors combine to produce a very much slower “a 
than occurs when chain formation is present. I; 
An emulsion containing only 0:1% of water would, it) 
terms of my own work, have been a ‘“‘dry oil’ and I thin Fi 
that there can be little doubt that in practice the force on A 
droplet due to the non-uniformity of the field can play n¢ 
major part in the electrical dehydration of emulsions of fule 
oils. if 
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* Now at National Coal Board, Central Research Establish 
ment II, Worton Hall, Isleworth, Middlesex. 18 
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Sequence of photomicrographs demonstrating the movement of droplets in the direction of maximum field 
strength; times are indicated under each photomicrograph. The dark spot in the top left corner is the central elec- 
trode of the concentric cell. The positions of three droplets are indicated by arrows (1 scale division = 16-6 2) 
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Notes and 


The Institute of Physics 


At the Annual General Meeting of The Institute of Physics 
held on 17 May, 1955, Sir John Cockcroft (Director of the 
Atomic Energy Research Establishment, Harwell) was 
re-elected President. Dr. W. H. Taylor was elected a Vice- 
President, Dr. S. Whitehead was _ re-elected Honorary 
Treasurer and Dr. B. P. Dudding was re-elected Honorary 
Secretary. The three new Ordinary Members of the Board 
elected were Dr. M. R. Hopkins, Dr. J. M. A. Lenihan and 
Dr. J. Taylor. 

The Report for 1954, which was adopted at the meeting, 
shows that the total membership in the several grades con- 
tinues to increase steadily and reached 4749 at the end of the 
year. The newly established Graduate examination was held 
in London, Birmingham and Paisley, and of the 54 candidates 
who sat only 19 satisfied the examiners in those papers they 
were required to take. The number of candidates taking the 
final examinations for National Certificates in Applied 
Physics was 206 at the Ordinary level and 75 for the Higher 
Certificate; these figures compare with 151 and 55 respectively 
in 1953. The Institute has continued to take an active part 
in discussions on higher technological education and has 
not changed the views it expressed in its 1948 Report on 
this subject. Arising from reports to the Membership 
Committee indicating that there were several vacancies for 
undergraduates in departments of physics in some universities 
and large technical colleges, the Board decided that an inquiry 
should be made covering the physics departments of all 
universities in Great Britain and all the colleges recognized 
by the Institute. 

The work involved in the production and distribution of 
the Institute’s publications has continued to increase and now 
forms about half of the total work of the Institute, the 
principal part being its monthly Journals, the Journal of 
Scientific Instruments and the British Journal of Applied 
Physics which was established in 1950 and “‘is rapidly obtain- 
ing for itself a place among the leading scientific journals.” 
A third selection of Laboratory and Workshop Notes from 
the Journal of Scientific Instruments was published by Messrs. 
Edward Arnold (Publishers) Ltd. for the Institute. As with 
the first two volumes in this series the royalties are credited 
to the Institute’s Benevolent Fund. 

The Report states that the day-to-day inquiries on pro- 
fessional matters have included such items as advice on 
consulting fees and salaries, deferment from military service, 
appropriate education and training in physics and its special 
branches and its ancillary subjects, and on sources of technical 
information. For the second year an inquiry was addressed 
to all new graduates in physics of universities in the United 
Kingdom. They were again asked to provide information 
about their present occupations and, if appropriate, the 
source of any maintenance grant. There was a good response. 
It is proposed to carry out such a survey in each of the next 
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comments 


few years and to follow up the returns by making a subsequen 
inquiry of those at present engaged on research leading t i 
higher degrees. In this way it should be possible to obtair ff 
information that will indicate clearly the way in which the! 
services of physics graduates are being used. | 

In addition to the several specialist conferences held by the | 
Institute’s branches and subject groups, a conference on} 
“The physics of particle size analysis” was held in Nottingham f 
in April 1954, the proceedings of which were published as ay 
supplement to this Journal in October. The Report shows |i 
that the Institute’s sixteen local branches and subject groups |i 
again held many meetings and visited various laboratonial 
and works, and in some instances carried out other functions |) 
in connexion with their members’ special interests. Brief) 


reports from the Institute’s representatives on many outside i 


Committees and Councils conclude the Report of another 
active year. f 


Elections to The Institute of Physics 


The following elections have been made by the Board 
The Institute of Physics: iy 

Fellows: C. F. Bruce, T. J. Buchanan, B. Donovan, J. Ww. 
Menter, R. Oliver, R. L. Woolley, L. Wright. ou 

Associates: G. R. Antell, S. R. Armsdon, C. Bowness, 
E. J. Burge, L. Cartz, D. A. Davies, J. C. Evans, F. Gi 
Fenton, J. Graham, R. C. Gupta, D. O. C. Harker, R. Gj) 
Harlow, T. E. Heslop, R. C. Holloway, R. H. Holloway, 
S. Hope, G. Howells, D. Jeffcock, J. T. Johnston, D. Ww. 
Kahan, D. Macfie, P. M. McGregor, S. C. Nyburg, D. Wi 
Payn, A. E. Ranger, E. F. W. Seymour, S. P. Thong, F. C. JG 
Tildsley, J. M. Valentine, J. Walters, R. A. Wilson. 

Twenty-three graduates, thirteen Students and_ three 
Subscribers were also elected. 
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atmosphere. 


HISTORICAL INTRODUCTION 


| was observed by many workers in the early days of the 
sudy of radioactivity that a faint visible light was sometimes 
mitted from strong sources of B- and y-radiation. This 
tht, which was bluish-white in colour, was particularly 
ident when the sources were in the form of a solution. It 
emed natural, at the time, to attribute the radiation to 
bnization caused either by B-particles or secondary electrons 
;om y-rays. However, this explanation was soon found to 
unsatisfactory for a number of reasons. In the first place 
i colour and intensity of the light were found to be markedly 
dependent of the medium from which it emanated; this 
fj operty, and one discovered later, namely that the spectrum 
the radiation was continuous, were at variance with the 
=neral properties of luminescence produced by ionization, 
foperties already well known at the time. It was found, 
ticthermore, that the light could not be quenched by the 
kidition of impurities in the solutions, neither did its intensity 
epend on the temperature, two properties again in contrast 
s those normally found in the phenomena of luminescence. 

| The first serious attempt to study the phenomenon on a 
juantitative basis appears to have been due to Mallet“!.?,3) 
ho describes, in three papers, results of experiments carried 
t with a spectrograph to try and resolve the observed 
lontinuous spectrum. Though perhaps Mallet deserves more 
redit for his part in the early investigations, his work was 
ot developed on the experimental side, neither was there 
Iny attempt to explain the phenomenon theoretically. 

| Some years later, however, and quite independently, a 
png series of experiments were carried out by Cerenkov@) 
vho proved conclusively that this mechanism of light pro- 
uction by the passage of fast charged particles through 
-ansparent media was indeed very different from luminescence. 
addition to the properties already mentioned, Cerenkov 
iscovered two other features by which the effect could be 
listinguished, namely that the light has unique polarization 
d directional properties. In view of the considerable work 
arried out by Cerenkov on the experimental side, the radia- 
lon has appropriately been named after him. About the 
hme time, Frank and Tamm) brought out a theory of the 
fect based entirely upon classical electromagnetic theory. 

| Following these early experiments, there was a lapse of 
lbme years during which very little work was done; since 
1945 however, there have been great strides in the field. The 
dvent of the photomultiplier, the most sensitive detector 
inown for the study of faint pulses of light, has been largely 
sponsible for the more recent developments. At the same 


* Based on a lecture given before the Electronics Group of 
the Institute of Physics in London on 16 November, 1954. 
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SPEQGIAL ARTICLE 


Cerenkov radiation and its applications* 
By J. V. JeLLEy, Ph.D., Atomic Energy Research Establishment, Harwell, Berkshire 


The paper opens with a brief review of the original discovery of the radiation and the physical 
principles of the process that gives rise to it. This is followed by an elementary account of the 
theory of the effect. A general survey of the practical applications to cosmic-ray and high-energy 
physics is then presented, with two examples of modern detectors discussed in greater detail. 
The article concludes with an account of recent experiments carried out on light pulses from 
the night-sky associated with cosmic-ray showers, found to be due to Cerenkov radiation in the 


time, accelerating machines have appeared in nuclear physics 
laboratories all over the world; these, year by year, are 
producing beams of charged particles of ever higher and 
higher energies and fluxes. It will be seen later how the 
unique properties of Cerenkov radiation may be used in 
radiation detectors having special. features, enabling one to 
distinguish between different types of particles and to measure 
directly their velocities. Cerenkov detectors are also being 
used in the field of cosmic-ray physics to an ever-increasing 
extent. 


ELEMENTARY THEORY OF THE CERENKOY EFFECT 


When a fast charged particle travels at a uniform velocity 
in a dielectric medium, the associated electromagnetic field 
close to the particle polarizes the medium along its track, 
so that the electrons attached to the atoms follow the wave- 
form of the pulse as the particle goes by. It is most important 
to realize in this process that the atoms are not excited by 
the electron and neither are they removed from their bound 
states (ionization). It is true that there is in addition ioniza- 
tion, when the impacts are sufficiently close, but the process 
with which we are concerned here arises from only very small 
displacements by a very large number of electrons. Now, 
in the general case, when the particle is slow, the radiation 
from these displaced electrons, which return immediately to 


~ their normal positions after the particle has passed, is not 


observed, owing to destructive interference. If, however, the 
velocity of the particle in the medium is faster than the phase 
velocity of light in the medium, the wavelets from all portions 
of the track are in phase with one another on a wavefront 
inclined to the direction of the track, and a coherent radiation 
is then observed. Referring now to Fig. 1, if a particle 
traverses a distance AB inside a dielectric medium at a high 
velocity Bc, where c is the velocity of light in vacuo, and we 
denote separate points P,P P3 as sources of spherical wave- 
lets, then the resulting wavefront will lie along the line BC, 
and the direction of emission of the radiation will be along the 
line AC, at right angles to BC. Now, the distance the particles 
will have gone in a time Ar, will be AB = Bc.At; in the 
same time the light will have travelled a distance AC = (c/n)At 
where n is the refractive index of the medium. From these 
two equalities it is at once seen that there is a very fundamental 
relation between the velocity of the particle, the refractive 
index of the medium, and the angle at which the light is 
emitted. This, known as the Cerenkov relation, is: 


cos 6 = 1/Bn (1) 


For those unfamiliar with the relativistic equations, the 
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quantity f is related to the kinetic energy E of the particle, 
and to its rest mass m, by the equation: 


E = mc? Ea = = 1 (2) 


Thus we see that the Cerenkov effect is the electromagnetic 
or optical analogue of the “supersonic bang,” or the bow 
wave from a ship travelling through water faster than the 
natural velocity of surface waves on the water. From 
equation (1) it is at once seen that there are two special 


Fig. 1. A diagram to illustrate the coherent nature of 


Cerenkoy radiation 


conditions in limiting cases. First, there is a threshold 
condition, namely when 8 = 1/n and 6 = 0. This implies a 
kinetic energy for the particle below which no radiation takes 
place. Secondly, there is a maximum angle at which the light 
may be emitted, when the particle is travelling at ultra 
‘relativistic velocities. This arises when 8 -> 1, in which case 
O- => Cos: *(1/n). 

Fig. 1 has only been drawn in one plane and in practice 
the light is of course emitted over a conical surface, the axis 
of which coincides with that of the particle, and the semi- 
apex angle of which is the angle 0; this is shown better in 
Fig. 2. The radiation has unique polarization properties, 
the electric vector E is always at right angles to the direction 
of propagation of the light, and the magnetic vector H is 
always tangential to the surface of the cone, as in Fig. 2. 

Those interested in the theory of the effect should consult 
either the original paper by Frank and Tamm) or a later 
and more comprehensive one by Tamm.) Next in importance 
to the condition of coherence, equation (1), is the expression 
for the rate of production of the light. The amount of light 
produced, in ergs per centimetre of path, is given by: 


dw 
“a= ac dw w( a 
Gn>1 


where e is the charge of the particle and w is the angular 
frequency of the light in question. This rate of loss of 
energy (over the whole spectrum) amounts to about 0:5% 
of that due to ionization, for a minimum ionizing particle, 
so some idea may be gained of the weakness of the radiation. 


= 3) 
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as Cw (4a) 
dw 

which, expressed on a wavelength scale, is: 
dw 1 4 
= (4b) | 
ae | 


We see from equation (3) that the spectrum is continuous; " 
the spectral distribution, neglecting dispersion (i.e. n= 
constant), is seen to be of the form: 


in colour. 


quite a wide range of frequencies, is ate off on the short wave | 


side in the X-ray region, when n becomes less than unity | 
and equation (1) cannot then be satisfied. The long-wave 


Y 
particle 


Fig. 2. The formation of the Cerenkov cone of radiation, — 
and the disposition of electric and magnetic field vectors. — 
medium by the presence of atomic and molecular absorption — 
bands. 
has discussed how it might be feasible to generate microwaves — 


by the Cerenkov effect, in the wavelength region of a iowa ‘ 


millimetres or less, a region involving considerable technical ~ 
difficulties by the usual radio techniques. The possible | 
production of radio waves in this way, and in particular how | 
line spectra might be produced, has been developed further — 
by Abele.) 


Fas, 


Returning to consider the Cerenkoy effect in the optical 
region, the table below gives the numerical values for the y 


various quantities for water and dry air. 


\ = 


Cerenkov radiation for water and dry air 


cut-off arises due to self-absorption of the radiation in the = 


On the question of long-wave radiation, Ginsburg 9 


i 


Water Air (N.T.P.) 

gtk index n 12:33 1-00029 4 
Omax (Le. when B —> 1) 41° Bose | 

Threshold energies EO = 0) 260keVelectrons 21 MeV : 
54MeV u-mesons 4:4 BeV ‘| 
ak x 475 MeV protons 39 BeV Bt 
dW (photons/cm, between Tat 
‘dl —3500-5500A)_ oe 0:3): aa 


Before concluding remarks on the theory of the Cerenkov / 


effect, it is well to emphasize that the process should not be 


confused with that of Bremsstrahlung. The latter process, | 
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ich for example is responsible for the emission of the 
tinuous spectrum of X-rays when a heavy material is 
nbarded by fast electrons, arises owing to an acceleration 
Heceleration when the fast particle interacts strongly with 
electric field near an atomic nucleus. Without going into 
ils, it may be stated that the two phenomena have 
‘kedly different properties and in general will not be 
fused. Lawson®) has shown recently that under certain 
umstances it might be hard to distinguish between the 
_ outwardly; the underlying physical processes, however, 
essentially different. Classical and quantum treatments 
he Bremsstrahlung process may be found in the work of 
itler in 1944, while a quantum treatment of the Cerenkov 
gict has been carried out by Ginsburg.0% One result 
ined by Ginsburg is that there is an additional term to 
/radiation equations which arises if the charged particle 
| in addition a magnetic moment. There is in fact also 
lagnetic” Cerenkov radiation from a pure magnetic dipole 
ping no net electric charge; the predicted intensities for 
ih these cases, however, are so minute that it would seem 
unlikely that they could be detected by present techniques. 
5 interesting that the condition of coherence, equation (1), 
| been obtained by Cox“! by simple arguments of con- 
lation of momentum and energy when a fast electron in a 
jectric is deflected, and a light quantum emitted; this 
Liment is very similar to that carried out in the case of the 
rmpton effect. 

faving discussed the essential features of the theory we 
' consider some typical practical applications of the 
je enkovy effect. In passing, however, it should be mentioned 
i in the intervening years from about 1938 to about 1951 a 
> number of purely experimental studies of the effect 
2 carried out, and for a comprehensive review of these, 
reader is referred to an article by Jelley“2); this article 
sddition contains some details of the early experiments of 
yenkov’s, whose work is not always readily accessible. 


A CTICAL APPLICATIONS TO THE DETECTION OF 
| FAST CHARGED PARTICLES 


he practical applications of the Cerenkov effect may be 
ksified roughly under the following headings: 

(i) The efficient detection and fast counting of single 
irged particles at energies in excess of the Cerenkov 
shold (Cerenkov counters have an extremely rapid rate 
response and at the same time suffer no paralysis effects). 


| . 
ii) The direct determination of the velocity of the particle 


over a limited range of 8 above the threshold. This 
in turn implies a direct measurement of the energy of 
the particle if its mass is known. 

iii) The discrimination between particles of different mass 
| when they have the same energy. 

iv). The ability to determine in which sense a fast particle 
is travelling, by virtue of the directional features of the 
light. 


> exceptionally high speed of response of a Cerenkov 
inter arises because the particle and the light travel along 
lether, the wavefront of the light retaining its thin shell- 
+ structure while increasing in intensity as the particle 
ises through the medium. The light pulse may thus have 
luration considerably shorter than the time required for 
| particle to traverse the counter, and if the light can be 
used, its duration is limited by dispersion. This high 
rinsic speed of a Cerenkov counter, which may be about 
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10~1!'s or less, cannot unfortunately be used, since in general 
the photomultiplier and subsequent electronics will be much 
slower, taking a time of about 10~® or 10~? s to respond. 

In view of the unique directional characteristics of the light 
in Cerenov radiation, and also its very low intensity, neces- 
sitating efficient means of gathering the light at the detector, 
rather special considerations have to be given to the optical 
arrangements used. In general, Cerenkov detectors are 
either of the focusing type or non-focusing type, depending 
on the optical system used. Applications under the headings 
(ii), (iii) and (iv) above, use focusing, while those under 
heading (i) use non-focusing detectors. Getting™3) and 
Marshall4) have outlined the principles and design of the 
optics of focusing detectors. It is obvious that if the Cerenkov 
angle @ is required, then it is necessary to design the optical 
system with care and use focusing, so as to concentrate the 
light emitted at one definite angle into an area defined by the 
detector, and thus to differentiate as strongly as possible 
against light emitted at other angles. One severe limitation 
of focused counters is that in an optical system having 
cylindrical symmetry, it is never possible to focus the light 
into an area smaller than the effective area of the dielectric 
medium through which the particles are travelling. This 
point, which arises from quite fundamental considerations, 
is discussed in the paper by Marshall. 

The optics of non-focusing Cerenkov counters has been 
discussed recently by Mando@>) who works out the light- 
gathering efficiency, time of response and uniformity of 
efficiency, for detectors of various shapes and sizes. In the 
non-focusing type of detector it is usual to integrate the light 
from all parts of the track of the particle by surrounding the 
“radiator” (as we shall henceforward call the dielectric) by 
some matt white scattering material of high reflectivity, such 
as magnesium oxide powder. The photomultiplier is then 
inserted somewhere inside, and collects a proportion of the 
total light produced. 

An example of a counter of the focusing type is shown in 
Fig. 3. In this particular design, due to Marshall,“* the’ 


ARS: vee 
Cerenkov light / 


' 
' 
1 
I 
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(Boning Al cnc ard serail 
2O15 10/050 
Radiator position (in.) 
[Reproduced from Physical Review] 


One of the counters designed and built by 
Marshall“) having focusing properties 


Fig.3. 


A, brass tube for positioning radiator; B, Lucite radiator lens; 
C, ee mirror; D, photomultiplier tube, type 1P28; 
E, plane mirrors for splitting image 


radiator and lens are combined into a single unit. The 
primary focused image is a ring of rather large radius, so in 
order to gather the light into a smaller area, a cylindrical 
mirror surrounds the radiator, to concentrate the light close 
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to the optic axis. Since, however, the instrument was used 
with a rather intense beam of particles froma synchrocyclotron, 
the beam passing down the axis of the system, the new image 
was split by two small plane mirrors so that the light was 
divided between two photomultipliers connected in a fast 
coincidence circuit. In this way the phototubes are to the 
side of the main beam of particles, and the coincidence 
arrangement helps to distinguish between the desired pulses 
of light from the particles in the beam, and the general high 
background rate of pulses from the tubes in proximity to the 
machine. By adjusting the position of the radiator in the 
cylindrical mirror, it is possible to focus rays of differing 
Cerenkov angle in turn on to the cathodes of the phototubes. 

A typical result obtained with this instrument is shown in 
Fig. 4, for which it was possible to measure the energy of a 
beam of 7-mesons. The taller curve shows the variation in 


Counting rate 


Ww 
O 


O:8 se Ose 2 
Radiator position (in.) 
[Reproduced from Physical Review] 


Fig. 4. Typical results obtained with the instrument 
shown in Fig. 3 using a beam of 7r-mesons 


response of the counter for 145 MeV z-mesons as the radiator 
position is altered, while the smaller curve was obtained 
after the mesons had been slowed down to 121 MeV by 
passing through a graphite absorber of thickness 7:6 cm. 
From these curves, some idea may be obtained of the resolu- 
tion possible with a simple device of this type. Estimating 
from these curves that one could locate the position of 
maximum response to say about 0:3 of the separation of the 
two peaks, this corresponds to a resolution of about 8 MeV 
in 145 MeV, i.e. +6%. 

Another example of a detector of the focusing type is 
shown in Fig. 5. This instrument, which uses direct photo- 
graphic recording of the light, was designed by Mather ® 
to obtain absolute calibrations of the velocity of the proton 
beam in the 184-inch synchrocyclotron at Berkeley, California. 
It is a precision instrument of extreme simplicity and elegance 
and had an energy resolution of approximately +1% at a 
proton energy of 340 MeV. 

The radiator, in this case, consists of a thin glass plate 
0-7 mm thick and of refractive index 1-88. This is mounted 
in the proton beam at an angle such that a portion of the 
conical shell of Cerenkoy light leaving the back of the plate 
normal to its surface, is reflected at this surface (which is 
aluminized) and in turn enters the lens of a Leica camera 
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via a small prism. With this arrangement, refraction effec 
at the surface of the glass plate can be eliminated; the prisn 
is inserted to cancel the first-order dispersion in the Cerenko 
radiation, which results from the variation of 1, and hence 9 


[Reproduced from Physical Review] a | 


Ab 
( 
tf 


Fig. 5. A precision photographic instrument constructed 3 


by Mather“® 


A, aluminized surface; B, glass sheet; C, glass prism; D, scale; 
E, light-tight box; F, Leica camera; G, 35 mm film. 2 


illuminated scale for purposes of calibration and measure} 
ments. In general, long exposures are required with such aja 


device, often of the order of an hour or more, to obtain 
images of sufficient intensity. 4 


A microphotometer trace of a typical image obtained with W 
this instrument is shown in Fig. 6, on which scales of 0, Ea dj 


B are included. In the example shown, the resolution 


Ose 


MeV 320 330 340 350 
B O-67 0:68 


[Reproduced from Physical Review]- 


Fig. 6. A typical result obtained with Mather’s — eI 


instrument 


approximately 3 MeV in 340 MeV, ie. about +1°% whi 


the theoretical limit for such a detector has been shown by! 


Mather to be about +0-1°%. ; 

Some brief references will now be made to other appl 
cations of Cerenkoy radiation. Duerden and Hyams“! 
have used a non-focusing detector as a threshold instrume: 
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¢ selecting the very small flux of cosmic-ray protons at 
A-level, against the large background of particles of other 
Maderson and Belcher“8) have developed solutions 
| radioactive isotopes as standard sources of very weak 
Wht, using the Cerenkoy radiation from f-particles in the 
ilvent. The cosmic-ray “albedo’’* in the upper atmosphere 
s been investigated by Winckler and Anderson,“ using 
srenkoy radiation detectors carried up in a balloon. In 
Wis, the directional property of the radiation was used to 
stinguish in which sense the particles were travelling. These 
jtectors are essentially a development of the water detector 
Higinally used by Jelley® to count individual j.-mesons. 


CERENKOV RADIATION IN THE ATMOSPHERE 


In 1948 Blackett?) worked out that a small fraction of the 
Htal light of the night sky should arise from the Cerenkov 
‘diation produced by the passage of cosmic-ray particles 
‘rough the earth’s atmosphere. This contribution was 
iculated to be extremely small, of the order of 10~4 of the 
fal intensity; it would be very difficult to measure such a 
-W mean intensity in view of the continual fluctuations of 
enospheric origin, and in any case there is no way of eli- 
Enating the effect for comparison purposes. 

if, however, we select individual cosmic-ray events of 
ceptionally high energy, such as give rise to the extensive 
f showers (or Auger showers?) as they are frequently 
emed), and at the same time use a pulse technique, in order 
differentiate against the mean light intensity of the night 
iy, then it appeared possible that individual light pulses 
# cht be observable which could then be correlated with the 
«tividual air showers. 

lit was with these considerations in mind that Galbraith 
nd Jelley?3) were first able to detect quite large pulses of 
kit with very simple apparatus. Their apparatus consisted 
; a simple parabolic mirror (diameter 25cm and focal 
rigth 10 cm), mounted at the bottom of a standard domestic 
nstbin, and a photomultiplier (type 6260 by Electric and 
husical Industries Ltd.) with its photocathode at the focus. 
e phototube was connected to a video frequency amplifier 
' bandwidth about 5 Mc/sec and thence to a recording 
jcilloscope via a discriminator. The light intensity is such 
iat, even on the darkest night, the rate of emission of photo- 
ectrons from the cathode of the phototube is so high that 
te amplifier output observed on the oscilloscope has the 
pearance of thermionic noise, the above bandwidth being 
sufficient to resolve it into separate pulses. However, it 


hoise” so that the rate of trigger of the oscilloscope by noise 
lilses was negligibly low. 

Under these conditions, with this light receiver pointing 
/ the zenith and a field of view of +11° with respect to the 
irtical, light pulses were observed at a rate of 1 or 2 per 
inute. These pulses were not spurious, since by closing the 
astbin and lighting a small lamp inside to an intensity such 
at the noise level was the same as before, no light pulses 
bre then observed. The confirmation that the pulses were 
| fact associated with the air showers followed a few nights 
iter when it was shown that they occurred in coincidence 
ith the firing of one or more Geiger counters of an air- 
ower array used by Cranshaw and Galbraith®) for other 
Wbrk. 


'* The “albedo” is defined as the ratio of the number of particles 
velling upwards, to the number travelling downwards, at a 
Hen point in the atmosphere. 
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s possible to set the discriminator at a level just above the’ 
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Cerenkov radiation and its applications 


A series of experiments was continued at Harwell during 
the winter of 1952-53, but work was severely restricted by 
the low frequency of occurrence of clear nights and, worse, 
by the fluctuations in brightness of the night sky over a few 
hours on any single night.. In’ view of this, it was decided to 
transfer the work to the Pic du Midi observatory in the 
Pyrénées where it was known the clarity of the night sky was 
exceptionally good, and during three months in the summer 
of 1953 really excellent observing conditions were found for 
the continuation of the experiments. The apparatus taken 
to the observatory was essentially similar to that used at 
Harwell though there were some restrictions imposed by the 
number of Geiger counter units that could be taken, and the 
available space for arranging these along the mountain ridge 
on which the observatory is situated. 

Two improvements were made in the light receivers since 
the earlier experiments; the mirrors were larger, of diameter 
60 cm (focal length 25cm) and the photomultipliers had a 
cathode diameter of 12-5 cm, giving therefore a field of view 
of approximately +15°. With this combination, and the 
same criterion of bias levels, the rate of arrival of light 
flashes was about 7 per minute at the zenith. 

Since the mean brightness of the night sky, within the field 
of view of the light receiver, was found to change by a factor 
of about two during the night, as the Milky Way passed 
overhead, it was necessary to enhance artificially the mean 
light intensity falling on the phototube during the darker 
periods of the night, so as to maintain a constant noise level. 
The necessity of this arose because the light pulses were 
found to have a steep power law spectrum and were super- 
imposed on the noise pulses; it was achieved by manually 
controlling a small filament lamp mounted at the edge of the 
mirror so that the mean current in the phototube remained 
constant. 

The details of the results of these experiments have 
recently become available@>) and the essential findings are 
outlined here. 

Studies of the polarization of the light were made first, 
in an attempt to identify it with Cerenkov radiation; these 
experiments were carried out using polaroid over the photo- 
cathode, first with its axis parallel and then perpendicular to a 
line of counters spread out along the mountain ridge to a 
distance of 100m. The results of these experiments gave 
evidence in favour of Cerenkov radiation. This eviderice 
was strengthened when it was found in a later experiment that 
the light was highly directional. The latter experiment con- 
sisted of running two light receivers side by side, each having 
a small field of view, and counting the number of times that a- 
pulse was observed simultaneously in both units for different 
settings of the angle between their optic axes. 

Until these experiments had been carried out, there had 
been a suspicion that perhaps the light might be associated 
with ionization. The most conclusive evidence that the light 
pulses from the night sky arise from Cerenkoy radiation 
comes from a later laboratory experiment in which Jelley 
has detected Cerenkov radiation from individual cosmic-ray 
f-mesons in a 6 metre air path, the apparatus in this case 
being in total darkness. This work, not yet published,?® has 
shown that the rate of production of light associated with 
the ionization of fast particles in air, is at least < 10~? of 
that due to Cerenkov radiation. 

It is interesting to reflect that the detection of light pulses. 
from the night sky was therefore probably the first time in 
which Cerenkov radiation had been detected in a gas; the 
first laboratory experiments on the radiation in gases were 
carried out later, by Balzanelli and Ascoli.@” 
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Continuing the survey of the work at the Pic du Midi, the 
following main results were obtained. The pulse-height 
distribution was found to obey a power law of the form 
N(>h) « h-!:© where N and / are the pulse rates and heights 
respectively; this form of the spectrum follows closely the 
numbers-energy distribution of the incoming primary cosmic- 
ray particles. 

The rate of frequency of arrival of light flashes at different 
zenith angles Z, was studied with a light receiver that could 
be tilted to set positions. It was found that the light pulse 
rate MZ) varied approximately as cos? Z or cos? Z, which 


was a slower rate of variation than that for the showers | 


themselves, which is known to vary approximately as cos® Z. 
This is consistent with the idea that the light pulses behave 
as a penetrating component of the air showers, which is 
indeed natural in such a clear atmosphere; the much steeper 
law for the air showers arises from the much greater absorp- 
tion for the shower particles (mostly electrons) as the zenith 
angle is increased. 

Absolute light fluxes were estimated by comparison with 
pulses from a radioactive source and a crystal scintillator. 
For those pulses at the threshold level of bias imposed by 
the noise, and those therefore arriving at the rate of a few a 
minute, were found to have a flux at sea-level of about 3 
photons per square centimetre per flash. (This particular 
experiment was carried out later, at Harwell.) 

Experiments in conjunction with the Geiger counters, 
showed that the variation in probability of a given counter 
firing in coincidence with a flash from the light receiver, fell 
away slowly as a function of the distance of the counter from 
the receiver. 

In general, larger air showers (i.e. those firing more than 
one, two, ete., counters simultaneously) were associated with 
larger light pulses, but the correlation here was not very 
strong. 

The most obvious practical application of the new instru- 
ment was to attempt to find if these high energy showers 
appear to originate from “points” or restricted areas of the 
sky. There were two characteristics of the light receivers 
that made them ideally suited for this type of experiment. 
‘The first of these is that by choice of the field of view (con- 
trolled by placing stops over the photocathode), one has a 
very simple instrument with excellent directional features. 
The second is that a single light receiver is a shower detector 
by itself, since it is sensitive to a shower falling anywhere 
within quite a large radius from the position where it is 
situated.* Ryle,@8) among others, had suggested that 
possibly the radio “stars” might in addition be emitters of 
cosmic-ray particles, and it was therefore thought worth 
while to look at some of these ‘“‘objects” with a light receiver 
of small field of view; runs were therefore carried out on the 
regions of sky containing the strong radio sources in Cygnus, 
Casseiopeia and Taurus, the technique being to count flashes 
for half an hour with the instrument pointing at the “object,” 
and then for half an hour away from it. With none of these 
sources, nor with the Andromeda nebula, was there any 
significant increase in counting rate. Now it can be shown 
that the average shower energy responsible for our light 
pulses was probably about 10!*eV (ie. that the incoming 
primary particles have this energy); it was, however, not 
surprising that these experiments gave a negative result 


* It can be shown from quite simple arguments on the variation 
of refractive index of air with height above the ground, that for a 
shower having no lateral spread or appreciable angular scattering 
of its electrons, the “pool” of Cerenkov light on the ground has a 
maximum radius of about 130 m at sea-level. 
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since Cranshaw and Galbraith@#) have found the cosmic | 


radiation isotropic up to much higher energies, namely about 
10!6 eV and higher. If the supposed magnetic fields in the 
universe are such as to even out the spacial distribution of 
particles of energies of about 10! eV, it is clear that one 
would be unlikely to find “‘point’’ sources at the lower energies” 
around 10!4eV. However, if light receivers can be developed 
which are both more sensitive and can detect still higher 
energy showers at a reasonable rate, over large areas of ground, f 
the technique may one day reveal anisotropies in the cosmic” 
radiation. q 

In conclusion it should be emphasized that even in such a— 
restricted field in physics, as is the topic of Cerenkov radiation, 
this article covers only the main features; the reader will | 
find the list of references lead him to a much wider scope, 
in cosmic-ray and high-energy physics generally. a 
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taracteristics of the spark discharge provide the experi- 
ental data which must be satisfied by any theory of the 
ark mechanism, and the sparkover voltage under given 
inditions between spherical electrodes in air is a recognized 
jndard”) for high voltage measurement. With increasing 
lowledge of the factors that influence the sparkover voltage, 
4 data for alternating, static and impulse voltages, it has 
Pome necessary to define more precisely the conditions 
sertaining to experimental data to be used to assess the 
fidity of spark theory, or to compile calibration tables. 
¥O important factors are the irradiation of the gap to 
Fainate statistical time-lag T, by providing an adequate 
ply of initiatory electrons, and the subsequent formative 
he-lag T, required for the development of the discharge 
ress the gap. The latter not only provides some indication 
«he active secondary ionization processes,@) but must be 
sen into account when using a spark gap to measure 
pidly varying voltages such as impulse waveforms. The 
resent data relate to spark breakdown in the uniform field 
‘ween parallel plane electrodes with suitably curved edges, 
ing static voltages and impulse voltages of various wave- 


en impulse voltages of increasing magnitudes are 
blied to a gap, a value is first reached at which repeated 
pulses will produce only an occasional sparkover; at some 
her value still there will be sparkover for each impulse 
i lied. This change in voltage (AV%) between 0 and 100% 
iquency of sparkover is reduced by irradiation of the gap 
jeliminate T, and consequently time-lags that are excessive 
ative to the time that an impulse voltage wave is maintained 
Dve a given voltage level. For present purposes, the 
uisite level of irradiation for uniform field gaps, whether 
exposure to ultra-violet light or to the presence of a radio- 
jive salt, has been taken as that giving the minimum value 
AV'’%. Ultra-violet irradiation was obtained by mounting 
} gap in a fixed position relative to the trigger gaps of a 
Iti-stage impulse plant, and radioactive irradiation by 
lerting a capsule of 0-5 mg radium equivalent in one of 
| electrodes. It was confirmed that either source alone, 
jboth acting together, gave a value for AV of 0:8% for 
iform field gaps, and this condition was frequently 
The same sources of irradiation were employed 
comparative observations on a sphere gap, using spheres 
iS cm in diameter. Uniform field electrodes having nominal 
age ranges up to 100 or 140 kV were used, but as spark- 
br up to these limits occurs in the uniform field region, no 
nificant variation in the observed phenomena for the two 
's was found or was to be expected. 
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Time-lag data for spark discharges in uniform field gaps 


By A. AKep, B.Sc., F. M. Bruce, M.Sc., Ph.D., M.LE.E., A.Inst.P., and D. J. TEDFORD, B.Sc., A.R.T.C. 
The Royal Technical College, Glasgow 


3 


[Paper first received 21 March, and in final form 26 April, 1955] 


Formative time-lags of spark breakdown have been measured for air in uniform fields with 

static applied voltages up to 63 kV; and the very long time lags (greater than 10~*s) predicted 

by theory for such conditions have been recorded. Time-lag data have also been obtained 

for air in uniform fields with impulse spark voltages up to 150 kV for standard impulse wave- 

forms, and also for lower voltages with non-standard impulse waveforms. 

condition the data indicate an impulse ratio of the order of 1-01. 
gaps are included. 


For the latter 
Comparative data for sphere 


1/50 IMPULSE WAVEFORM DATA 


Standard 1/50* waveforms of either polarity were applied 
to irradiated uniform field gaps. By discharging the impulse 
generator when the stage capacitors were charged to a given 
voltage, which could be measured to an accuracy of about 
+0-1%, it was possible to measure small changes in output 
voltage, and hence in AV, much more accurately than the 
determination of the peak impulse voltage which includes 
oscillography errors. The datum sparkover voltage was taken 
as that corresponding to the 0% limit of the AV range, and 
higher voltages within that range are expressed as correspond- 
ing percentage overvoltages. 

The results for three gap spacings are shown in Fig. 1, in 
which the broken vertical lines denote typical scatter in the 
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Fig. 1. Uniform field gap data for 1/50 impulse waves 


© = positive polarity 
e@ = negative polarity 
Gap spacings 1:34, 3-19, 5-68 cm (about 40 to 150 kV). 


values of T;,. There is no observable variation with polarity 
or spacing. ‘ The full line gives the time for which the applied 
impulse waveform exceeded the datum level corresponding to 
0% sparkover frequency, and most of the observed time-lags 
are in excess of this, indicating that a breakdown, which was 
presumably initiated during the overvoltage period, was 
completed after the wave tail had fallen slightly below the 
assumed datum. These results cannot include the long time- 
lags predicted by the Townsend theory®) for low overvoltages 


* A T/T waveform is an impulse wave which reaches the crest 
value in T; ws and decays to half the crest value in T2 us. 
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because of the limitation imposed by the fall of voltage on 
the wave tail, and the mean values shown by the points can 
apply only to 1/50 waves, but this is a case of particular 
interest in high voltage testing procedure. 


EFFECT OF IMPULSE WAVEFORM 


0:2/240 and 1-2/240 waveforms were applied to a given 
gap; the results are shown by curves of mean values plotted 
in Fig. 2, and remarkably good curves were obtained, despite 
the range covered by the individual observations. The non- 
irradiated gap gave longer time-lags than for the irradiated 
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Fig. 2. Uniform field gap data for 2 cm spacing 


—— = 1-2/240 waves 
- - - = 0-2/240 waves 


For each waveform the upper curve is for the non-irradiated 
gap, and the inset diagram is an enlarged portion{of the curves 
for the irradiated gap. 


condition, but the mean values were still very close to the 
curves drawn. An increased consistency in this respect 
relative to the sphere gap is to be expected, since uniformity 
of the field is maintained over a much greater area of cross- 
section, and the probability that fortuitous ionization will 
reduce JT, is thereby increased. There was no significant 
difference due to polarity, or for ultra-violet as compared 
with radium irradiation. The observations were extended to 
very high overvoltages giving the extremely low values of T; 
frequently mentioned in the literature. Because of the very 
high overvoltages used, which are much in excess of the 100% 
sparkover criterion, the percentage overvoltage is defined as 
the ratio of the prospective peak value to the datum value, 
and the curves show that, for a given overvoltage, T; is lower 
for the 0-2 us wavefront, as would be expected from the 
greater rate of rise of voltage. 

Comparative data for a sphere gap are shown in Fig. 3. 
Without irradiation the points are widely scattered; time-lag 
values for negative waves are greater than those for positive 
waves, and two of these lie outside the boundary of the figure. 
The inset figure shows reasonable consistency in the per- 
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formance of the irradiated gap, with no apparent difference 
due to polarity or the method of irradiation. ‘a 
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Data for 6:25 cm diameter spheres at 


2:0 cm 4 
spacing for 0-2/240 waves ae 


Bigs 3: 


—— = radium or ultra-violet irradiation 
© = positive waves, non-irradiated 
x = negative waves, non-irradiated 


The inset figure is an enlargement of the curve showing a 
individual points for both polarities and both forms of — 
irradiation. a 


STATIC TIME-LAG DATA 


The use of static voltages overcomes the limitatio 
imposed by an impulse waveform on the range of possible: 
time-lags, and the static sparking potential is easily dete - 
mined as a datum to which overvoltages can be related. 
stabilized and smoothed static approach voltage some 2 kV 
below the sparking potential was applied to the gap, and 
on this was superimposed a pulse voltage of relatively | 
magnitude, and having a rise time of 0-16 us on the fr 
and a decay time-constant of about 0:2s. The magnitudes 
of the approach voltage and the pulse voltage were measu 
independently by potentiometer methods having sensitivi 
of the order of 0:01°%. The amplitude of the pulse voltag 
was increased at intervals of ten applications, the dat 
voltage being taken as the sum of the approach voltage and 
pulse voltage which just failed to give an occasional spark- 
over. The mean values of 7; for three gap spacings ar 
indicated by the points on Fig. 4, the scatter of individ 
observations lying within a range of half to twice the m 
value. For the smallest spacing the data link with those ¢ 
Fisher and Bederson.™ At very low percentage overvoltage 
long time-lags are obtained, and within the present range « 
values appear to increase without limit as the overvolt 
approaches zero. The time-lags decrease rapidly at high 
overvoltages, being of the order of | us at 2% overvoltag 
These values are of the nature and order that has been 
predicted by theory.) . = 

' The alternative plot of the data shown in Fig. 5 reveals a 
linear relationship between 7; and gap spacing for a constant 
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Prcentage overvoltage, and the very high values of T;, at 
jw overvoltages. Individual values of T, up to some 400 pus 
re observed in the course of this work. 
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iFig. 4. Static data for irradiated uniform field gap, 
positive voltages 
= 1-5 cm spacing 
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Fig. 5. Time-lag/spacing characteristics derived from 
| Fig. 4 


DMPARISON OF DATA FOR STATIC AND IMPULSE 
VOLTAGE 


|\Corresponding values for a 2-0 cm gap are shown in Fig. 6. 
pra given impulse wave, the overvoltage will have to be 
Bae for a time of the order of the minimum 77, before 
ie akdown can occur, and the 0% sparkover criterion taken 
i 


| the datum sparking voltage in this work will therefore be 
j excess of the static datum, for which there is no imposed 
ine limit due to waveform. In the inset figure, the horizontal 
ll line represents the impulse datum voltage; the static datum 
{il be at some lower value as indicated by the dotted line. 
| given impulse overvoltage, as defined in the above data, 
brefore corresponds to a higher overvoltage when referred 
'the static datum; an effect which can be termed the impulse 
rio of the gap, and accounts for the difference between the 


rves of Fig. 6. If the difference between the impulse and 
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_ Time-lag data for spark discharges in uniform field gaps 


static datum voltages is assumed to be 1:15%, and the 
impulse overvoltages are adjusted to the static datum, the 
characteristic then coincides exactly with that obtained with 
static voltages, as shown by the transfer points on Fig. 6. 
For the 0:2/240 waveform used, therefore, the impulse 
ratio of the gap relative to static sparkover is of the order 
of 1-01. : 
In most laboratories, the impulse voltages available are 
much in excess of the static voltages, and the only measurable 
datum for specifying overvoltage is that used in the present 
impulse tests—the 0°% sparkover criterion. This has been 
shown to be greater than the static sparking potential, which 
is the datum used for static measurements, and that which 
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Fig. 6. Comparison of static and impulse time-lag data 
for an irradiated uniform field gap (2 cm spacing) 


I = impulse characteristic for 0-2/240 waveform 
x = observed points from d.c.: characteristic 
e = points transferred from J 
- - - = duration of impulse waveform overvoltage 


On the inset figure, the full and dotted horizontal lines 
illustrate relative levels for minimum sparking voltage on 
impulse and static voltages respectively. 


must be considered when relating the data to the theory of 
the spark mechanism. In the impulse case, a low percentage 
overvoltage with a steep wavefront has to be written as some 
1% higher when referred to the static datum. Irrespective of 
waveform restrictions, work which is confined to impulse 
voltage measurements could not therefore be expected to 
reveal the high values for 7, predicted by theory for very 
small overvoltages. Nevertheless, the impulse data do give 
the conditions, however restricted, that will be encountered 
in impulse voltage measurements. 


CONCLUSIONS 


Data for three impulse waveforms, including the 1/50 wave, 
have shown that the uniform field gap in air has sparkover 
characteristics that are independent of polarity, and that they 
can be repeated with consistent results. The time-lag 
characteristic gives a smooth curve even in the absence of 
external irradiation, although the time-lag values are then 
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greater. Comparative data for a sphere gap show that 
irradiation is essential to consistent performance on impulse 
voltages. The level of irradiation required to obtain minimum 
time-lags with a uniform field gap is conveniently defined as 
that giving the minimum voltage range between 0 and 100% 
frequency of sparkover, and this is not difficult to check, in 
practice. 

The impulse waveform restricts the maximum values of T; 
that can be observed, owing to the fall of voltage on the wave 
tail. For analytical purposes, the values of 7; must be 
observed down to very low overvoltages with respect to the 
static sparking potential, and this has been done by static 
voltage measurements, and with results that agree with the 
order of values predicted by theory. All aspects of the work 
described in this paper are now being studied at considerably 
higher voltages. 


By L. J. Hersst, B.Sc., A.Inst.P., and J. E. Houtpin, Ph.D., F.Inst.P., Department of Physics and Mathematics, 
College of Technology, Birmingham 
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The impedance of the oxide-coated cathode of disk seal triodes has been measured at frequencies 
from 730 to 2360 Mc/s and with cathode temperatures from 1250 to 1400° K. The main feature 
of the method is the use of a photocell for indicating constancy of cathode temperature. Changes 
of 0:5° K could be measured. The behaviour of the coating is consistent with an equivalent 
circuit consisting of the grid-cathode capacitance C, in series with the coating resistance R.  _ 
Measurements of the d.c. coating resistance have also been made and the values agree approxi- 
mately with those obtained at radio frequency. Values of R correspond to specific conductivities 
of between 0:3 and 0:4 (71 m~1 at a cathode temperature of 1250° K, and R is found to decrease 


with temperature. 


Finally a method is outlined which utilizes the change of heater resistance with cathode tem- 
perature to determine the power dissipated in the coating under oscillatory conditions. 


LIST OF SYMBOLS 


Ro = d.c. cathode coating resistance (Q) 

R = radio frequency cathode coating resistance (Q) 

G = equivalent conductance across terminals A and B 
in Fig. 2(d) 

T = cathode temperature (© K) 

P = filament power in the absence of cathode current 
(Ww) 

P — OP = filament power required to keep the temperature 

of coating at the same value as P when cathode 
passes d.c. or radio frequency current (W) 

I = steady cathode current (A) 

f = frequency (c/s) (w = 27) 

V = peak radio frequency voltage between grid and 
cathode 

o = specific conductivity of coating (Q-! m~!) 

S = cathode coating area (cm?) 


1. INTRODUCTION 


The resistance of the oxide-coated cathode under d.c. and 
pulse conditions has been the subject of thorough investiga- 
tion in recent years.) On the other hand, little has been 
published on the behaviour of the coating at high frequencies, 
though some unpublished work was done by one of the 
authors (J. E.H.) some years ago. The present paper 
describes an attempt to determine the coating resistance by 
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place. 3 
The valves investigated were disk seal triodes similar to) 
type CV273.2) The experimental arrangement of the valve” 
and circuit is shown in Fig. 1. The grid-cathode and grid=— 


insulating 


ee 


tg x contciniiea 
© DO ng FE 
bridges Se photocell and 
amplifier ) 
heater light slot 
terminal 
alve 
| 
cathode grid anode 
terminal terminal ~ terminal 
radio frequency 


input 
Fig. 1. Arrangement of circuit apparatus 


anode circuits were tunable coaxial transmission lines, the 
tuning being effected by adjusting the position of the shorting 
bridges of those lines. With this type of valve it was possible 
to view the cathode surface through the grid wires as shown. 
A hole was drilled through the anode cap and the adjacent 
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irass structure so that there was a direct line of view from 
he cathode surface to a photocell. Approximately half the 
tal cathode area was viewed by the photocell. The heater 
Hlament was immediately behind the cathode and surrounded 
y a nickel cylinder. Hence, in observing the cathode as 
inown, the only light reaching the photocell from inside the 
jalve came from the coating surface. The photocell and_d.c. 
implifier were provided with double screening for both 
inane and optical purposes. Even in a well-lit room no 
easurable light reached the photocell other than that from 
me cathode. 


2. METHODS OF MEASUREMENT 


2.1. Determination of R. A radio frequency voltage from 
| separate oscillator was applied between the grid and the 
lathode of the valve via an adjustable probe (Fig. 1). A high 
Hesistance voltmeter was connected across the external grid 
ind cathode terminals (grid and anode terminals were joined 
gether) of the circuit and gave the peak value of the applied 
udio frequency voltage with the vaive itself acting as the 
! ctifier. The following cycle of operations was then 
jarried out. 
' First, the coating surface was observed in the absence of 
dio frequency power. The heater power was then P. 
WWext, with some radio frequency power applied, the heater 
‘ower supplied was adjusted so as to restore the coating tem- 
erature to its original value. (The heater power was then 
f — OP.) Finally, the radio frequency power was removed, 
pe initial heater conditions restored, and a check made to see 
Hat the coating temperature was still the same. The coating 
ok about half a minute to reach a steady temperature after 
sudden change in heating, and a complete cycle as just 
scribed took about two minutes. 
It is assumed that nearly all the heater power was trans- 
pred to the cathode and that the change in heater power 
sulted in an equal change in the power reaching the coating. 
Fhus 6P was equal to the radio frequency power dissipated in 
me coating. This assumption was checked by using a similar 
ocedure to that described in Section 2.2. At normal filament 
i mperatures the cooling of the cathode due to emission 
teatly exceeds the heating effect due to the resistance of the 
ating [see equation (4)]. Thus it, was possible to compare 
lirectly the calculated cooling of the cathode surface due to 
jectron emission with the increase in heater power necessary 
> keep the cathode at constant temperature. The agreement 
ras well within experimental error. 
| The actual value of the coating resistance was determined 
ly calculation using the circuit shown in Fig. 2 in which C, 
| the capacitance between the grid wires and the coating 


Pega 
| 
| 
| Co R G 
! B B 
(a) (b) 
Fig. 2. (a) Circuit between grid and cathode. 


| (b) Equivalent admittance between A and B 


irface; C, and R represent the impedance of the actual 
hating. In this circuit the interface impedance between the 
hating and the metal base has been ignored. The interface 
ipacitance is such that the impedance is negligible at the 
lequencies of the measurements. 
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From Fig. 2 it can be shown that the equivalent con- 
ductance G, across the terminals A and B is given by 


G = w?C,7R/[1 + w2(C, + C2)? R?] (1) 
G may then be determined from 
G. = 26P/V2 (2) 


using the measured values of 6P and V. 

The use of equation (2) implies that all the radio frequency 
heating of the cathode was due to losses in the coating arising 
from the circulating radio frequency current. Back bom- 
bardment from excess energy electrons has been ignored. 
The mean rectified current was about | “A. 

Finally, R may be found from equation (1). The value of 
C, may be calculated from the valve dimensions. It is shown 
in Section 3.1 that under certain conditions, w2(C,; + C)?R? 
is much less than unity, and then 


R = G/w2C 2 (3) 


2.2. Determination of Ro. The method consisted in ~ 
passing a steady cathode current J through the coating and 
keeping the surface temperature T constant by altering the 
filament power as before. The theoretical formula dealing 
with the temperature of the coating under space charge limited 
conditions gives a value of Ry as follows®) 


Ry = {SP + 1 x 10-47[1-72 + 1:98 log (SAT?/D]V/P— (4) 
where A is the constant in Richardson’s equation 
I = SAT? exp (—)/T) 


The term involving J in the numerator of equation (4) arises 
because of the cooling effect of the electron evaporation from 
the cathode which generally exceeds the heating effect 1*Rp. 

Determination of Rp thus depends on a knowledge of the 
value of A, which is known to vary between wide limits. As 
a result of pulse measurements on a large number of valves 
A was found to vary from 15 to 95 A/cm? x (°K)?. Thus 
accurate determination of d.c. coating resistance is not 
possible. The accuracy of the measurements increases as the 
coating resistance increases. Only one valve out of about 
forty had a sufficiently high coating resistance to give 
reasonably accurate measurements. Details of the measure- 
ments on that valve and two others are given in Section 3.2. 

2.3. Determination of T. The cathode temperatures have 
been determined in all cases by retarding field plots. It has 
been found on a number of valves that 


ECO IB (5) 


over the range of measurement. The usual procedure was to 
determine one value of T by a retarding field plot and then to 
calculate the others from equation (5). The sensitivity of the 
photocell and d.c. amplifier was such that temperature 
changes of +0-5°K could be detected. The comparable 
accuracy obtainable with a high-grade disappearing filament 
pyrometer was about +10°K. The photocell method has 
the additional advantage that it can be used at temperatures 
below the range of the pyrometer. 


3. RESULTS 


3.1. Radio frequency measurements. For valves with small 
grid-cathode clearances it was found that the values of G 
were independent of the radio frequency voltage at a given 
frequency. Typical results for one valve are given in Tables 
1(a) and (b) for two widely different frequencies. It will 
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be seen that G is constant at each frequency. The effect of 
transit time on voltage readings has been neglected. 

The voltage V is that across the electrodes which are 
acting as the peak diode rectifier. Thus the usual error in 
diode voltmeters due to the impedance of connecting leads 
is in this case zero. 


Variation of G with V 


(a) Valve No. 3 


Frequency, 730 Mc/s; cathode temperature, 1150° K; mean 
value of G, 1:8 x 10-4(Q-4) 


Table 1. 


V sP(W) GQ-) 
DIKE 0-051 ES 10rd 
31°8 0-097 1:9 x.10~4 
41:8 0-145 i excslOr 
54°8 0-260 tates 
64°8 . 0-370 18: x-10=*4 


(b) Valve No. 3 


Frequency, 2360 Mc/s; cathode temperature, 1140° K; mean 
value of G, 1:8 x 1073(Q~1) 


V dP(W) GOQ-) 
8-6 0-068 1:8 405° 
10-6 0-106 1-9 C10 
12-6 0-131 eT 10= 
15:0 0-195 | Mig Nas (8 eo 


From Tables 1(a) and (b) it may also be seen that the ratio 
of the conductances, G, and G, at the two frequencies f; 
and f;, is given by G/G, = 10. Since (fa/f,)? = 10-5, it may 
be concluded from equation (1) that under the conditions of 
the measurements w2(C,; + C)?R* <1. Values of R and o 
determined with the aid of equation (3) are shown in Table 2. 


Table 2. Values of Rand a for four different valves at 730 Mc/s 
Valve T( K) R(Q) o(Q-1 m-}) 
1 1222 10 0-4 
2 1168 13 0-3 
3 1148 10 0:4 
4 1181 16 0-3 


It was found for other valves with larger electrode clearances 
that the values of G varied with the radio frequency voltage. 
These results, which are being investigated further, may be 
attributable to electron inertia. 

3.2. D.C. measurements. Table 3 gives the measured 
values for Rp for valves Nos. | to 3. 


Table 3. Cathode coating resistances at d.c. 
Estimated 
Valve accuracy 
No. T(° K) dP(W) (mA) Ro(Q) of Ro (%) 
[ 1098 0 44 45 +15 
1 1162 0) 62 34 +20 
1214 —0-058 41 23 +20 
2 1050 —0:-058 40 11 +30 
3 1067 —0-049 30 11 +40 
(No measurements were made on valve No. 4.) 
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It will be seen by comparison with Table 2 that there is 
reasonable agreement between the values of R and Ro in the” 
case of valves Nos. 2 and 3. Walve No. 1 had an abnormall 
high value of Rp and this was attributed to interface resistance, - 
For the reasons mentioned in Section 2.2 the values of Ro are” 
difficult to determine. In Table 3 the last column gives the |) 
range of values of Ro allowing for the possible spread in A 


(see Section 2.2). a 
3.3. Variation of R with T. Table 4 shows the measured 


variation of R with cathode temperature. 


Table 4. Variation of R with temperature at 730 Mc/s 4 


: Ry G 
Kt tygaf 2 3 
T2— Tj logic Fe Ty 


Valve TC K) T2 (°° K) R,/R2 é 
1 (222137 a ae 0-17 . 
24168 — 1314ss 1-4 OQ) 146 0:16 
BO 4148, A088 ANG) 0 0-17 
4° 4181 133t 4), 10 16 


It will be seen that R decreases with increasing temperature 
and the fractional change in R over a given temperature range 
is very much the same for all valves. - 


4. EXTENSION OF METHOD TO OSCILLATOR 


It has been found that a change in cathode temperature 
produces a readily detectable change of heater resistance; the | 
heater may therefore be used asa resistance thermometer. | 
Accordingly, the following method may. prove to be useful | 
for investigating power dissipation in the coating under 
oscillatory conditions. First, values of 6P for various values” 
of V are found in the manner already described. At the 
same time the changes in heater resistance are measured. 
Then, the valve is made to oscillate at the same frequency and 
the measurement of change in heater resistance allows _ 
deduction of the dissipation in the coating. It has to be 
remembered that evaporation cooling and J?Rp heating due 
to d.c. current, and possible back bombardment of returning” 
electrons will all affect the coating temperature. However, 
the change of heater resistance should give some usefl 
indication of the power dissipated in the coating und 
oscillatory conditions. The method may also give an indica- 
tion of the radio frequency voltage between grid and cathode. 
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Mlany attempts have been made from time to time to develop 
\ reliable theoretical relationship between the concentration 
ind the settling rate of solid, undeformable particles falling 
a fluid.’-4) The falling speeds of many powders are 
ifficiently smali for viscous-flow conditions to prevail and 
* this premise leads, at infinite dilution, to their following 
Eokes’ law, many of the relationships have been derived 
om it for low concentrations of solids. Extensions to 
Pver concentrated suspensions have been fewer in number, 
he most satisfactory probably being those of Steinour®) 
hd Hawksley. The former, however, requires the inclusion 
an experimentally determined constant, and as all the 
meories are developed basically for equi-sized spherical 
Piticles, the problems of producing equivalent practical 


sspensions on which constants may be measured are obvious. 
tawksley, who developed his equations from the theoretical 
ork of Burgers®? on the sedimentation of dilute sus- 
fensions and of Vand“) on the viscosity of suspensions, 


e ncluded that 


; 18 1 


here U. = settling rate of a suspension at concentration c; 

c = volume concentration of spheres per unit volume 
of suspension; 

o = density of spheres; 

p = density of pure fluid; 

= diameter of spheres; 

No = absolute viscosity of pure fluid; 

k = Einstein’s viscosity constant; 

QO = Vand’s interaction constant (39/64 for spheres). 


c)? exp — (=) : (1) 


| If Up is equal to the Stokes’ settling rate of a single sphere, 
nen the settling rate of a suspension relative to that of a 
ngle constituent sphere is 


U,JUy = (1 — 02 exp —[ke/(1 — 00] Q) 
Uiorieees ke 
IE Gy? Gj z a + log. Uo 3) 


ind y=bx+a (4) 


Uc c als 
bee : ae = == || U 
1Y log io ad gsex c)? x il fest Oc b log.i0. a O810 0 


(5) 


|. plot of y against x should give a straight line of slope 


k k 


p log,10 2-3 


(6) 


| In developing these equations it is assumed that there is 
o relative motion between the falling particles as they are 
ll of identical size and weight. This condition does not 
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The sedimentation of suspensions of spheres 
By R. L. Wuitmoreg, B.Sc., Ph.D., A.Inst.P., Department of Mining and Fuels, University of Nottingham 
[Paper first received 5 October, 1954, and in final form 7 March, 1955] 


An experimental investigation of Hawksley’s equation for the sedimentation of suspensions of 
spheres has shown close agreement with the theory, except that the derived value of Einstein’s 
viscosity constant appears to vary with the size range, possibly exceeding 3-4 for equi-sized 
spheres. When spheres of the same density as the sedimentary fluid were added to the suspension, 
a slight decrease in settling rate was produced at total volume concentrations not exceeding 
about 10%. Above this figure, appreciable increases in settling rate were found and were 
attributed to hydrodynamic attractive-forces between the spheres leading to the development of 
vertical streams in the suspension. 


generally apply in practice and some interaction is probably 
inevitable. When the particles are in contact, the fluid 5 
adjacent to them will be withdrawn from active participation 
in the suspension, giving an apparent increase in the volume 
concentration of solids, and a corresponding reduction in 
the settling rate would be expected. Moreover, during contact 
the particles would be deflected from their vertical path, 
further reducing the average settling rate. The effect could, 
to some extent, be examined experimentally by altering the 
size range of the falling particles, but this would also produce 
an indeterminate “head” to the falling suspension, and 
make the settling-rate determination less reliable. An 
alternative method, which has been explored in the experi- 
ments to be described, is to introduce into the fluid a known 
volume of particles of the same size as the falling particles 
but of the same density as the fluid, so that they produce 
interactions but do not take part in the sedimentation process. 


THE SUSPENSIONS 


The theoretical requirement of equi-sized spheres is very 
difficult to achieve in practice, particularly as they must be 
small enough to fall under streamline-flow conditions. As 
the size of particle is increased, the size of vessel must be 
increased correspondingly and it is necessary to use a highly- 
viscous sedimentary fluid (giving stirring difficulties) or a 
small density difference between the particles and fluid 
(making the suspension sensitive to slight evaporation if, 
as is usual, a solution or a mixture of liquids is employed). 

In the experiments to be described, the sedimenting particles 
were of methyl-methacrylate polymer, a material which has { 
already been used satisfactorily for making model suspen- 
sions,®>?) and the suspended particles of polystyrene,. the 
fluids consisting of aqueous solutions of lead nitrate. 

(a) The particles. The samples were obtained from un- 
sized material by mechanical dry-sieving on new B.S.S. sieves, 
the procedure being continued with frequent cleaning of 
the sieves until less than 0:5% of the weight of each batch 
passed the 200 B.S.S. screen in 2min. The 150-170 B.S.S. 
mesh fractions were then sieved separately in water, dried 
and density separated by adding them to solutions of lead 
nitrate of known density to give spheres of a narrow size 
and density range, the average density being taken as that 
at which equal volumes of the fraction floated and sank 
(Table 1). Since the polystyrene spheres were from a fraction 
smaller than the modal fraction of the bulk sample and the 
methyl-methacrylate polymer spheres from a fraction larger, 
there was a preponderance, by weight, of large over smalk 
spheres in the polystyrene sample and of small over large in 
the methacrylate. The diameter of the sphere which fell at 
the average rate of all the spheres in the fraction was cal-. 
culated by assuming a linear variation of the weight of sub-. 
fractions of the particles with the diameter over the range; 

of &. 
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150-170 B.S.S. (which the sieve analysis showed to be sub- 
stantially correct), and integrating over the size range with 
respect to weight and the (particle diameter)’, which is 
proportional to the settling rate. On dividing through by 
the integrated weight over the size range, the average (particle 
diameter)? was obtained and hence the average particle 
diameter. A check was obtained microscopically by setting a 
circular eyepiece-graticule to the mean diameter of the frac- 
tion and counting the number of particles within the range 
0:089-0:095 mm, 0:095-0:098 mm and 0:098-0-104 mm. 
The results were then summed on a weight and (particle 
diameter)? basis as before and the results are compared in 
Table 1. Photomicrographs of the two materials are shown 


in Fig. 1. 


Table 1. Spheres used in experiments 
Average size Density Ayerage 
Material Size range Sieve Microscope range density 
(mm) (mm) (mm) (g/ml.) (g/ml.) 
Polystyrene 0:089- 0-0980 0:0982 1:0543- 1-0553 
: 0-104 1-0572 
Methy!l- 0-089- 0:0961 0:0954 1-1871— 1-1881 
methacrylate 0-104 1-1956 
polymer 


(a) 


(6) 


Fig. 1 (a) Photomicrograph of polystyrene spheres 
(b) Photomicrograph of methyl-methacrylate 
polymer spheres 


(b) The fluids. Aqueous solutions of lead nitrate, with the 
addition of 0:1% Dispersol VL (by I.C.I. Ltd.) to inhibit 
flocculation, were employed. A wide range of dispersants 
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was found which would disperse either one powder or the 
other but not both, and some compromise was necessary. The - 

fluid finally chosen produced no flocculation of dilute sus- 
pensions of methacrylate spheres after standing overnight but — 
slight flocculation of dilute suspensions of polystyrene spheres — 
was observed after about 5h. Details of the fluids are given 


in Table 2. 
Table 2. Sedimentary fluids 


Density of fluid Viscosity of fluid 3 


Spheres used 


» (g/ml) (P) : 
Polystyrene 1-0266 0:01024 
Methyl-methacrylate 1-0558 0:01046 
polymer 


(c) The apparatus. Two sizes of glass cylinders were used ~ 
for containing the suspensions. One was a 100 ml. Nessler 
tube, 30mm in diameter and 130 mm from the base to the 
100 ml. mark and graduated in 1 ml. divisions. The other, 
was 16mm in diameter and 440mm to the 0mm mark, 
graduations reading downwards in 5mm _ divisions. The 
majority of the experiments were made in the long tube, 
but some were made in both to confirm observations, reported - 
elsewhere by Gurel,@® that for particles of 0:15 mm 
diameter, the settling rate is unaffected by changes of the ~ 
vessel diameter within the range 30 to 12 mm. ee: 

Each tube was provided with a simple stirrer, consisting 
of a horizontal, circular, perforated brass plate attached at 
one point on the perimeter to a 14mm diameter, vertical — 
brass rod which could be clipped to the side of the settlin 
tube when not in use. The tubes were mounted in cradl 
which could be levelled and were immersed in a glass-side 
water thermostat maintained accurately at 20° 'G 0: 05: 3am 

Illumination was obtained from a Regulite projector-type — 
microscope lamp (by W. Watson and Sons, Ltd.) which was ~ 
mounted above the tank. The horizontal light-beam was — 
reflected vertically downwards behind the tank on to a | 
second mirror attached to a racking mechanism so that a — 
narrow, horizontal light-beam could be shone through the — 
suspensions at any desired height. A simple sighting tube, — : 
20 mm in diameter by 150 mm in length, was used for viewing 
the falling suspensions in order to reduce parallax errors. 

Attempts to follow the fall of one suspension through the - 
other by differences in light intensity were not successful and 
it was found that greater accuracy and sensitivity could be — 
achieved by using divers of a density intermediate between 
that of the settling suspension and the pure fluid. Bergi) 
has reported using glass divers in particle-size analysis work, — 
but greater versatility in their design was possible by turning © 
them out of Alkathene rod (density 0-92 g/ml. approximately) — 
and weighting them with tinned copper wire. A simple — 
disk was unsatisfactory at low concentrations as particles — 


ie 


Bice) 
Cross-section 
through diver 


‘qwss== 


tended to be deposited upon its upper surface and increase 
its effective density. The most suitable shape was found to” 
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ea narrow annulus of streamline section, the dimensions 
if which are given in Fig. 2 and other details in Table 3. 


| Table 3. Annular diver 
Weight 

| Density 

Volume concentration of methyl-methacrylate 
spheres which just balanced diver 


00-1311 ¢g 
1-0600 g/ml. 


a2, 


TWO-COMPONENT SYSTEMS 


The first experiments were made separately with poly- 
tyrene and methyl-methacrylate spheres so that their indi- 
idual settling characteristics could be ascertained and.the 
i ects of tube diameter and diver behaviour examined. The 
i ethod employed was to run a known volume of the sedi- 
mentary fluid (usually 50 ml.) into the tube and to add a 
mown weight of powder to bring the volume concentration 
» 5%. The tube was then carefully levelled Gf the distance 
om the vertical exceeded about 1 mm in 200 mm a difference 
n the settling rate was just discernible) in the constant 
pmperature bath and the suspension well mixed by giving 
seventy strokes with.the stirrer in 100-110s. The stirrer 
ras then clipped to the side of the tube with the perforated 
isk at the bottom of the tube, the light switched on and 
‘mings taken from when the head of the falling spheres 
lassed the first engraved line on the tube. Readings were 
#ken at at least twenty levels during each test, after which 
He suspension was restirred and the procedure repeated, at 
east three runs being taken. Finally, the stirrer was lifted 
2ar of the suspension and the settled volume of the powder 


Additional powder was then added to bring the total 
olume concentration of spheres to 10% and the settling 
‘ocedure described above repeated. The concentration 
+as increased further in steps of 5% to a maximum value of 
5%. The particles were then filtered off, washed, dried, 
eweighed and rebottled. 

| The stirring action caused some spheres to be deposited 
m the walls of the tube above the suspension level and it 
vas necessary before each run to work them down into the 
lispension with the aid of the stirrer rod. 

Experiments with the diver were made without removing 
| from the suspension. It was added to the suspension of 
>west concentration and remained in the tube during ali 
hixing and concentration-changing operations. This eli- 
inated possible errors caused by removing suspension 
jarticles and fluid from the tube with the diver. 

| In practically all cases the variation between the times 
ecorded for the head to reach a given level on duplicated 
uspensions was less than 3% and the averaged slopes of the 
ettling rate/volume concentration curves differed by slightly 
ss than +1°%. This error arose from weighing the powder 
ind transferring it to the tube, adding the fluid, and making 
pe settling-rate measurement. Another small error was 
htroduced by the adhesion of some particles to the settling- 
lube sides above the level of the suspension. The effect was 
Inst discernible at high concentrations from repeat measure- 
ents made with the walls well covered with particles and 
llear of them, the increase in settling rate not exceeding 1 %. 
the density of fluid increased slightly through the experiment 
kee next section) leading to a slight, compensating decrease 
lh the settling velocity. A reasonable estimate for the errors 
tom these two effects is +4°%, giving an overall uncertainty 
the measurement of the settling rate of +14%. 
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The settling rates at each concentration were grouped and 
the results tested in Hawksley’s equation (Tables 4 and 5). 


Table 4. Settling rate of two-component systems 


Material 
Polystyrene _ Methyl-methacrylate polymer 
Volume : 
“of spheres (2) Settling of head Settling of head Settling of diver 
Short tube Short tube Long tube Long tube 
(mm/s) (mm/s) (mm/s) (mml|s) 
5 0-0975 0-405 0-408 0-470 
10 0-0762 0-306 0-309 0-337 
15 0:0573 0-235 07237, 0-250 
20 0-0416 Osa 0-178 -0-183 
25 0-0308 0-129 0-129 0-130 
0) 0:147* 0-627+ 0-637} 


* Calculated from average particle size (Table 1). 

{ Calculated from average particle size from microscopic analysis 
(Table 1). : 

t Calculated from average particle size from sieve analysis 
(Table 1), 


Table 5. Values of constants from Hawksley’s equation 

Material Polystyrene Methyl-methacrylate 
polymer 

Method of measurement Head Head* Divert 
Regression coefficient 

y on x (b) —1-390  —1-396  —1-475 
Intercept (a) 1-133 1-755 1-790 
Degrees of freedom 16 34 - 34 
Standard error of coefficient 0-0491 0-0447 0-:0149 
Standard error of residuals 00210 0:0270 0:0090 


* Includes results obtained in long and short tube. 
t Includes check results obtained with three-component system 
(see Table 7). A 


Note.—Difference of coefficient between columns 1 and 2 not 
significant at 50% level; between columns 2 and 3 just significant 
at 10% level; between columns 1 and 3 just significant at 5% level. 


The mean regression-coefficient for the sedimentation of 
both materials [the constant “b” of equation (6)], when 
measured by the head of the falling particles is —1-394, and 
on solving in equation (6), a value of Einstein’s constant k 
of 3-21 is obtained. With the diver (which, in effect, measured 
the settling rate. of the portion of the suspension which had 
reached a volume concentration of 3-2%), k equals 3-39, 
with a greatly reduced standard error in the regression 
coefficient. It is apparent that the head of a dilute suspension 
of spheres, if not of absolutely identical size and density, 
will fall at a slower rate than the bulk of the spheres, and if 
the settling rate at the nominal concentration could have 
been measured, an even higher value of k might have been 
expected. 

The values of & from the sedimentation experiments are 
compared with those obtained from viscosity measurements 
and theory in Table 6. 

Hawksley’s analysis of Steinour’s data for the sedimentation 
of glass spheres (measured by the fall of the head) sized 
75:6°% within a range of 1-39 : 1 gives a regression coefficient ~ 
of —1-16 and a value of k of 2:67. Viscosity measurements 
reported on an approximately similarly-sized suspension®) 
(1:4 : 1) give & equal to 2:8. 
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Table 6. Values of Einstein's constant 
Size ratio Einstein’s 
Method of measurement of spheres constant 
Sedimentation (head) oe), -o-4I| 3°21 
Sedimentation (diver) 15072, 20 3°39 
Viscosity (falling sphere method)® 1:2: 1 3-50 
Theory“) fat 3°37 


For Steinour’s tapioca spheres, Hawksley obtains a value 
of k of 2-58 which would suggest that they covered a wider 
size-range than the glass spheres. Steinour, however, claims 
that 80° were within the ratio 1-1 : 1, but an inspection of 
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THREE-COMPONENT SYSTEMS 


All experiments made on the sedimentation of methyl- 
methacrylate polymer spheres through suspensions of poly- 
styrene spheres were made with the diver. A few check 
experiments were made in the short tube, but the majority 
were catried out in the long tube. The general technique 
was similar to that used for the two-component systems, 
but forseach series of tests the methyl-methacrylate polymer 
concentration was fixed and the polystyrene concentration 
increased in steps of 2:5%'or 5% to a maximum of 20%. 
With each addition of polystyrene (suspended) spheres a 


suspended-spheres 
concentration 


Distance fallen by head (cm) 


(s) 


Fig. 3. Settling curves 
of suspensions falling 


Distance fallen by head (cm) 


through specified con- 
centrations of — sus- 
pended spheres 


(a) 5%; (6) 15%; (2) 25%. 


(%) 


Time (s) 
(c) 


his micrograph of these particles shows numbers of them to 
have marked deviations from spheres, with an unknown 
effect on the settling rate. The general confirmation of 
Hawksley’s theory can, therefore, be considered satisfactory. 
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small quantity of methacrylate polymer (falling) spheres was — 


added to keep their proportion of the suspended particles 
plus suspension fluid constant. At the end of each series, 
the two sets of spheres were separated in a lead nitrate 
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solution of intermediate density, washed, dried and re- 
weighed. 

The total loss in weight of particles was found to be less 
than 1% in all cases. The average density of the suspension 
fluid collected from ail the experiments was 1-0568 g/ml., an 
increase of 0:1°% over the initial value. 

Figs. 3 (a, b, and c) show typical sets of settling curves 
obtained with a constant proportion of falling particles and 
varied suspended-particles/total-volume ratios in the sedi- 
mentary fluid. The most striking characteristic is the marked 
deviation from linearity which occurs with increasing sus- 
pended-particle concentration, the effect being most marked 
at the higher falling-particle concentrations. It appears that 
an appreciable time, which is not always exactly reproducible, 
is necessary for the suspension head to reach its maximum 
Settling-velocity which is, in almost all cases over the range 
of concentration examined, greater than that of the falling 
spheres alone and frequently in excess of that of a single 
falling sphere in an infinite expanse of fluid. The exception 
is at low falling-particle concentration where a slight decrease 
in settling rate is apparent for small additions of suspended 
spheres. The high settling rates are not generally maintained 
until the suspension is completely consolidated and, as the 
distance over which the maximum settling rates are constant 
are short compared with those of the two-component systems, 
| the accuracy of measuring them is correspondingly reduced 
+ and only reaches approximately +5° at the highest con- 
centrations of suspended and falling spheres. 

The sedimentation characteristics exhibited in the short 
tube were very similar to those in the long one, except that 
the falling spheres had insufficient distance in which to achieve 
| the true maximum velocity. As the concentration of suspended 
| spheres was increased, the initial rate of change of settling 
rate with time became slightly higher in the short than in the 
long tube. 
| The maximum settling rates in the long tube are sum- 
| marized in Table 7, and in Fig. 4 the maximum settling rate 


falling-spheres concentration 


Relative settling rate ° 


O 5) 10 IS 
Suspended- spheres concentration (%) 


Fig. 4. Settling rate of three-component systems relative 
to two-component systems of same falling-sphere 
concentration 
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of each three-component suspension is plotted as a ratio of 
the settling rate of the two-component suspension having 
the same falling-sphere concentration. It will be referred to 
subsequently as the relative settling rate. 


Table 7. Maximum settling rates of suspensions 


Suspended-spheres 
concentration Falling-spheres concentration (%) 
(%) 5 10 15 20 25 
(mm/s) (mm|s) (mm/s) (mm/s) (mm!|s) 
0 0:470 0-339 0-248 0-183 0-130 
2-5 Od aes a ee se 
5 0°47) 0°34. .0:27) 0-26. = 0-35 
10 0:67 0-50 0:41 0:74 0-87 
PEE S) — 0-64 0-54 1-67 1209 
15 1-03 0-85 0-81 2°09 1-04 
ETfe) = 1-10 1-81 2:09 0:87 
20 1:54 1-43 2-20 1-89 0:64 
DISCUSSION 


It is improbable that the effects described are due to 
flocculation which can also increase the settling rate of a 
suspension. Flocculation is most effective at low concen- 
trations and at values exceeding 15-20% is likely to lead to a 
decrease in the settling rate compared with the dispersed 
suspension.“ 13) Moreover, flocculated suspensions are 
more bulky when settled out than dispersed particles. 
Assuming that the sediment consisted entirely of falling 
spheres with no trapped suspended particles, the settled 
volumes from forty-eight experiments were calculated to 
have a solids content varying from 52:4-59-2°%%, the higher 
figures being obtained in general from the long tube. The 
highest solids-content figures reported by Rose,“4) Mott(5) 
and others“® with large, equi-sized spheres well tamped 
down are 60-62%, suggesting that only the falling spheres 
were in fact concentrated in the sediment and were well 
consolidated. 

From Fig. 4 it may be observed that at the lowest concen- 
tration of falling spheres (5°%) there was a slight diminution 
in the relative settling rate as sedimentary fluid was replaced 
by suspended spheres until they accounted for approximately 
5% of the total volume. Above this value the relative 
settling rate of the falling spheres increased steadily with 
increasing concentration of suspended spheres. With falling- 
sphere concentrations of 10 and 15%, the relative settling 
rate of the head always increased with increasing proportions 
of suspended particles over the range of concentrations — 
employed. At falling-sphere concentrations of 20 and 25%, 
however, the relative settling rate attained a peak value 
beyond which the replacement of further fluid by suspended 
spheres led to a diminution in the relative settling rate. 

It is apparent from Fig. 4 that, except at the lowest con- 
centration of falling spheres, the initial rate of increase of 
the relative settling velocity with increasing concentration of 


Concentrations of spheres at which a rapid increase 
in relative settling rate commences 


Table 8. 


Sphere concentration (%) 


Falling Suspended Total 
5 conditions not attained 
10 17 De 
15 13 28 
20 7 27 
25 24 274 
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suspended spheres is positive, and rises rapidly when the 
suspended spheres exceed a certain concentration. If this 
rate is taken as 0:3 relative settling-rate increase per unit 
increase in volume concentration, the corresponding concen- 
trations of spheres will be as in Table 8. 

Thus the concentration conditions under which rapid 
settling is achieved appear to depend upon the total volume 
of spheres present rather than on their relative proportions, 
provided that both suspended and falling spheres are present. 

The concentrations at which the maximum relative settling 
rates are achieved are summarized in Table 9. 


Table 9. Concentrations of spheres which produce maximum 
relative settling rate 


Sphere concentration (%) 


Falling Suspended Total 
5 maximum not reached 
10 maximum not reached 
15 2 36 
20 164 364 
25 124 374 


* Extrapolated value. 


The figures suggest that the total concentration is more 
important than the relative proportions of the two solid 
components in determining maximum settling rate. 

It is apparent from Figs. 3 (a, b and c) that the high settling 
rates are not attained immediately stirring of the suspension 
ceases. An appreciable time is required for them to develop 
and, moreover, they are not maintained until consolidation 
is complete. There is an intermediate stage of slow sedi- 
mentation before the final consolidation and it is believed 
to occur after the expulsion of all stable particles from the 
consolidating mass, which finishes its settling as a simple 
two-component system. 

A close examination of the suspensions, which were trans- 
lucent under transmitted light, showed that in the three- 
component systems which exhibited high settling rates, 
vertical currents developed in the tube. Moreover, a re- 
examination of the two-component systems showed them to 
be present to a small extent when the concentration exceeded 
about 15% and careful relevelling of the tube would not 
eliminate them. When sufficient stable spheres had been 
added to any suspension, except the 5%, vertical streams 
developed randomly, the streams fluctuating in position round 
the tube and flowing alternately upwards and downwards 
in any one place. When the total concentration exceeded 
30-35%, the streams became increasingly granular in 
appearance as though the particles were forming into loose 
conglomerates while falling. The intensity of the effect 
diminished from the bottom to the top of the tube and the 
last 5 mm or so of suspension below the diver was compara- 
tively free from internal motion. The period of slow settling 
immediately before the final consolidation corresponded to a 
great reduction in interparticular motion and the disappearance 
of the vertical streams. 

A tentative explanation of the phenomenon is that when 
the stirring ceases and the sedimenting particles commence to 
fall and the stable particles to rise slowly in the return stream, 
the hydrodynamic equilibrium between the parallel-moving 
particles is disturbed. Particles moving in the same direction 
develop attractive forces; those moving in opposite directions 
exhibit repulsive forces. An accurate calculation of the effect 
is difficult but a rough estimate, assuming an attraction 
inversely proportional to the fourth power of the distance 
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between the spheres and proportional to the square of their 
parallel velocity,“7) balanced by a Stokes’ resistance, gives a 
collision time between the falling spheres of the same order 
of magnitude as the settling time, assuming their initial 
distance apart to be less than half diameter (corresponding: 
to total concentrations exceeding approximately 30%). 
Once grouping commences, vertical instability develops in 
the tube, producing streams of particles moving vertically 
through the fluid. Experiments“®) have shown that groups. 
of particles fall considerably faster than the separate indi- 
vidual particles. The effect will take some time to reach: 
equilibrium but should then be maintained until the inter- 
action between streams becomes sufficiently great to reduce 
their intensity or all the stable particles are lifted clear of the 
sediment, leaving it to complete its fall as a two-component. 
system. 


CONCLUSIONS 


From an examination of the settling of suspensions of 
closely-sized, spherical particles it appears that when the 
volume concentration of the falling spheres is less than 
approximately 10%, a slight decrease in settling rate is 
achieved by the introduction of small quantities of stable — 
spheres in place of sedimentary fluid. As the volume con- 
centration of either solid component is increased, however, 
instability develops, leading to vertical streaming and a con- 
siderable increase in the settling rate of the falling spheres. 
relative to that of the same concentration falling in pure 
fluid. The instability takes some time to attain a maximum 
and the greatest settling rate is not achieved immediately the 
falling particles begin sedimenting. The consolidated sedi- 
ment appears to consist only of the falling particles, the 
stable spheres being lifted clear by the streaming action. 
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A general mathematical treatment applicable to certain electrode 
systems 


By G. Power, M.A., Ph.D., University of Nottingham 


[Paper first received 21 January, and in final form 7 February, 1955] 


Some general formulae are obtained concerning the perturbation effects on certain two-dimen- 
sional electric fields of dielectric cylinders, assumed homogeneous and isotropic, with various 


boundary shapes. 


By taking particular values for the dielectric constants, these formulae lead 


to results of interest for particular electrode systems 


1. SYSTEM OF CIRCULAR DIELECTRIC 
CYLINDERS 


The application of electrode systems to certain branches of « 


Science is now well known, and the resistance of such systems 
in the form of circular,“ rectangular® and elliptic®) plates 
has been determined. By starting with a system of two con- 
centric circular dielectric cylinders of different homogeneous 
and isotropic media containing an embedded line-charge, we 
are able to develop further useful formulae of a general nature 
for various boundary shapes with internal singularities. By 
taking particular values for the dielectric constants, these 
formulae lead to interesting results for certain types of 


! electrode systems. 


Let us assume an inner circular cylinder of radius b, 
dielectric constant k,, a concentric cylinder of radius a(>6), 


| dielectric constant k,, and suppose that this system is placed 
| with the common centre at the origin of co-ordinates in a 
_ medium of dielectric constant k;. A line-charge of strength 
| m per unit length is taken to be embedded in the medium k, 
_ at the point z = Zo, the complex z-plane being defined in the 


usual manner. 

If ¢ is the electric potential, y the current function, then 
w = ¢ + ibis the complex potential, so that, with the obvious 
notation, the perturbed fields in the various media can be 
represented in the form 


(|z| < 4) 


The boundary conditions are 
Aw) =A Ww), ky Fw) = k>FA(w) on 
and 
Applying these conditions and solving we get 
XQ n == (4m/nzq")[ (ky + k,)a2" + (ky Fa k3)2z§26|; 
py,» = (2m|nkyzlky — k3)[(ky + kp)z0zh + (ky — ky)b?"], 
Onde» = (2m/nk pz \ky— ky) [ko + k,)a2" — (k, — ky)zhzn]b, 
OnD3 » = (4Am/nzp)[(k2 — k,)b?” + (ky + ky)zhzr la”, 
b39 = [m(ky — k3)/kok3] loga?, c; = — 2m/k;, 
where 5 
ok, = (kz + ky)ky + kya" + (kz — ka)ky — ky)b?". 


2. CIRCULAR ELECTRODE SYSTEM 


Setting k, =k, =k;, kz = kop, we immediately obtain in 
series form the complex potentials for the fields inside and 
outside a circular cylinder of radius a and dielectric constant k; 
placed, with its centre at the origin of co-ordinates, in a 
medium of constant ko. Noting the form cf these series, we 
can generalize the results as follows. If we have an un- 
disturbed field f(z), caused by singularities placed inside the 
cylinder, then the perturbed fields outside and inside the 
cylinder are respectively 


n=1 
= = = 2k; (k; — ko) -(@ 
Wee Sot ba (blz <a) a ee vas WEE RA OO ( ) 
p= O01 2 tat + 2 Pan 2! Mo eRe “IO + EEG 
@0 . . . . . . . 
=¥ bp, 2-"+ c log z, a<lz provided f(z) has no logarithmic singularity at infinity. 
ae Par es Sage ‘ | y These formulae can now be adapted to an electrode system - 
ae in the form of a circular conducting disk with internal 
where (omitting the constant term) electrodes, by letting k,;—> oo. The potential distribution 
throughout the disk is thus given by 
SQrireoz Ei =] 2 
[i ae Bene a w =f) +f(@/2) 
== og (z—zZ 
. ky : : 2m Ss 2% - 2m Pear Bl = If, however, the boundary of the disk is itself an electrode, 
ky earns Ka BAN le "we let ky —> oo, thus obtaining w = f(z) — f(@/2). 
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3. FURTHER CIRCULAR ELECTRODE SYSTEMS 


If in the results of Section 1 we set k = k,/k3 and let 


k, — oo, we then obtain 


Em Sizes Da) | 
a2 y kanzr [a S Kame= (1 a k)b7s| 
ve 2mznX a3 aN 
Ee cat zo25 
bh b2np 
(1+A5, ++. +E +...) 
ef Somes (De ka? = chen k)]b2" 
a kynzr [+ Ka — (1 — k)b?"] 
2mb2" oA 
Kanan (1 at i 
bo b2np r 
(Cee +i + i 
b 4m Chat beat 
3m" kynze [0 + a — A — kb?" 
Amz oe) 
~ kal +) 252 
h2n h2np 
(1 +As +... EMS +.) 
where 
A=(1 —A/d +4). 


(1) 


Thus if |z| = 6 is a conducting surface, the fields outside 


and inside the cylinder |z| = a are expressible as 


Wo = Earn 2, AP log E — a 
eID +h) >, Males E a | = a nee 
and 
ldo 
Saul log E == et 


+ > AP +! log 


Oo 
in 
p=0 


azP+) 
b?PZ) 
eS qruetDz 
mS 1 0 
oe log 2 EEaP log[z 


Zo] —log :\ 


S (2) 


4 


If now we let k; > oo, A = 1 and vw, will give the potential 
distribution throughout the annulus when the boundaries 


|z| = a, |z| = 5 are electrodes. 


It is to be noted that equations (2) give an infinite image 
system, but usually only one or two of these images need be 
considered in numerical calculation, since the series con- 


cerned will be fairly rapidly convergent. 


Equations (1) will 


give results in the form of infinite series capable of approxi- 


mation to any degree required. 


The expansions of Section | can be used to give immediately 
the distribution inside an electrode system in the form of the 
annulus a> |z| > 6, simply by setting k, = k=O) \ BY 
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inspection of the result, we see that we may generalize in the 
following manner. If the field is due to internal electrodes so 
that its undisturbed complex potential f(z) has no logarithmic 
singularity at infinity, then the perturbed complex potential 
inside the annulus is 


00 p+) b2(e+1) 
Wt oe {/ ES +e [ao | 


b2e+Dz QePtDz F 
foe ef Saree 
This form will again give an image system which can be_ 
employed in numerical approximation. Alternatively, the — 
results of Section 1 may be used to give an infinite series 
directly. 
Suppose now we require |z| = b to be a line of flow, then. 


we let k, = 0 in Section 1, thus obtaining the fields outside | 
and inside the annulus respectively i in the form 2 


4m b??Z | 
Wo = = Pa 7 mie », pL? log E a 
~ b2(p+1) \ 2m 
fe ER aa. PO yee Ze 
+ ee log | z ibe | fs oe, og 
2 oo b2e+D 
and Wearing at See log E = oe 
© bAP+Nz_ 
ons logs). Spann. (4) 
co 2¢ 2, 
+ > peti log E ae ae 
p=0 b PZ 
ee az(p+ Dz 
pte log E -- ae: 


2 
5 esl? 126 | ee 
(k — 1)/(k + 1) 


We shall use these equations later in discussing further 
electrode systems. 


log z 


where p= 


4. ELECTRODE IN THE FORM OF A SEMI- INFINITE. 
STRIP 


If we set z =e #,t = a + iB, b = 1, a = e&1, the dielectric | 
annulus becomes a semi-infinite dielectric strip of width B,. 
Further, if in the results of Section 1 we put kj = k; = ko, | 
ky, =k;, then the perturbed fields due to an internal line 
charge at ¢ = fp in the parts of the t-plane given respectively 
by 0O> f, Bj >B>0, BS B, become 


4m 


ae x. \? log [t — to — 2ipB,] 


ites 2 d2P+1 log [t — fy) + 2i(p + veil} 


Wj iica thee 


2m 


Ws = app S A2p+1 log [t — z <5 2i(p + IB, ]I[t Gee to + 2ipB,] 


— : AXP+) log is —t — 2i(p + DB;] 
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p=0 


Sou ogee ee 2in8s]} 


iwhere 


| These formulae can obviously be generalized for the 
ycase of several singularities inside the strip by replacing 
2m 
Z, los (t — fo) by f(t), the undisturbed complex poten- 
| i 

ial, so that log (t — tf) — 2ipB,) becomes f(t — 2ip8,), 
llog [t — % — 2i(p + 1)B,] becomes f[t—2i(p + 1)8,] and 
SO on. For an electrode system in the form of a semi- 
nfinite strip, we can adapt the result for w, by putting 
\ = — | for internal electrodes, or A = 1 if the boundaries 
pot the strip are themselves an electrode. 


5. ELLIPTIC ELECTRODE SYSTEM 


| The problem of an elliptic conductor in a general external 
field has long been solved. The case of the elliptic dielectric 
cylinder, however, has not received a great deal of attention, 
cue to difficulties arising from the singularities of trans- 
‘ormation. These difficulties can be overcome in a number 
f ways, but here we make use of the results of Section 3. 

' Consider the transformation 


| 
. 2=5(6+ 1/0 z=csnw w=u-+i. 
| 


The region outside a slit AB in the z-plane transforms into 
he region outside the unit circle in the ¢-plane. The ellipse 
le = constant = % say, of semi-axes ccoshv,, csinhv, in 
Fhe z-plane, having A,B as foci, becomes the circle 
'f| = e% =a, say. Let this ellipse be set in the general field 


e@ =e| $6 +110] = 00 
s plit the function A(2) into 


| GO = YD + HO] and HO = Yao — HO), 
iso that h(¢) = G(Q) + AO. 


The component of g(z) corresponding to G(Z) will contain 

he real axis as a line of flow, so that inside the ellipse, AB 
jwill be a line of flow. Thus the formulae (4) of Section 3 are 
elevant with b = 1 and a = e”. : 
Now inside the ellipse the electric potential is continuous 
n crossing the line of foci AB. This means that in the ¢-plane 
ithe values of the potential on |¢| = 1 are the same at + am(, 
iso that formulae (2) of Section 3 can be used for the terms 
Kerived from H(¢). Splitting A(¢) = — (2m/k2) log (¢ — %) 
into the two parts as indicated above, we obtain on addition 
ithe external and internal fields respectively in the form 


| 4m oe C 1 
[ees ern Se [f- a ||'- ang | 


3 4m 5, Lo i 
Et BL Se fe E a E aap || 
2m 3 
a sk log t, 
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a3 wml 2 1 
ae Sat oe E z ot, 


. +1 bits £0 
Area oe log E ain 


ca oRe ae 
oe YY pa tog | — 


q=1 e241 75 


= 2 Lo 
talk es 
+2 ped log E e2q+ 1)e, 


E a ltt cuesaga} 


2m 
Ks log ¢ 


= Fe low le — + 


where 2 refers to even powers, 4’ to odd powers, 
w=K-DiA+D), k =ka/k3, ¢ = ie’, and Cy is the 
point in the ¢-plane corresponding to the point Zo in the 
z-plane. 

These formulae give an infinite image system for the fields 
due to a line-charge inside a dielectric elliptic cylinder, and 
can be generalized for several such internal singularities in a 
manner similar to that indicated in Section 4. 

For an elliptic conducting system with internal electrodes, 
we set 4 = | in the result for w,, but if the boundary is itself 
an electrode we put w = — 1, k, = &. 


6. PARABOLIC ELECTRODE SYSTEM 


The method described in Section 5 can also be applied to 
obtain corresponding expressions for a parabolic cylinder. 
The transformations 


C= 67, where =a 7p, 
are such that 8 = constant = f,, say, gives a parabola in 


the z-plane which becomes a circle of radius e*: in the ¢-plane. 
The limits of «, 8 are given respectively by 

—wo<a<o and 0<B< om. 
The limiting case 8 = 0 becomes the positive x-axis in the 
z-plane and the unit circle in the ¢-plane. 

Let there be a line-charge m inside the parabola 
B =f, at the point z = Zp, then using the procedure of 
Section 5, we have to split into two parts the function 
h(C) = — Qm/k,) log (t — to), where fo is the point corre- 
sponding to Zo. 

The results, which again involve infinite series of logarithmic 
functions, will not be given here as they follow the same 
pattern as those of Section 5. As before, for an electrode 
system in which the parabolic boundary is an electrode we 
set k; = 00, = — | in the expression obtained for w;, and 
for internal electrodes, we put pu = |. 

In conclusion, it should be noted that whilst the solutions 
to some of the cases discussed can be obtained directly by 
the usual methods of images and inversion, the approach 
indicated in this paper gives a simple treatment of a more 
general character. All the results given normally converge 
with reasonable rapidity, although it may be found that certain 
problems can lead to slowly convergent series. 
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Electrode shapes for a cylindrical electron beam 
By P. N. Daykin, M.A., Ph.D., Research Laboratories, The General Electric Co. Ltd., Wembley, Middlesex 
[Paper first received 22 December, and in final form 5 April, 1955] 


The problem of obtaining the electrode shapes which will maintain a cylindrical beam of space- 
charge limited current reduces to the problem of solving Laplace’s equation for the electrostatic 
potential outside the space-charge region, with the appropriate boundary conditions on the surface 
of the beam. A new approximate analytical solution of the Laplace equation has been obtained, 
and numerical tables have been developed for designing the electrode shapes. 
electrode shapes, which is applicable to either hollow or solid beams, has been drawn up. The 
shape of the outside electrodes is the same for either type of beam, but the hollow beam requires 
an additional set of electrodes located inside the beam. The shape of the outside electrodes agrees 
fairly well with that obtained previously by Pierce, Harrison,@ and Kuo Chu Ho and Moon.@) 


The problem of obtaining the electrostatic field configuration 
which will maintain a constant-radius cylindrical beam of 
space-charge limited electron current may be restated briefly 


as follows. Within the beam the potential and the charge 
density are determined by the equations: 

[d2V(z)/]dz? = 4n|p(z)| (1) 

J = |p|v, = constant (2) 

0, = V/(2elm)/V (3) 


In these equations and the following equations z is the axial 
distance from the cathode and r is the cylindrical radius. 
Equation (3) is valid provided initial thermal velocities can 
be neglected. The potential V then follows the well-known 
4/3 power law. 

y= ie (4) 


A = [97J(m/2e)1? 7 (5) 


Outside the space-charge region the potential is a solution 
of Laplace’s equation with the boundary conditions from 
equation (4) 

Va AAV [or = 0 (6) 


on the surface of the beam. In the case of a hollow beam, 
the boundary conditions apply to both the inner and outer 
surfaces of the beam. 

The solid beam problem was first stated, and solved 
approximately in the electrolytic tank, by Pierce.) A rather 
approximate analytic formula for the electrodes has been 
given by Harrison.) Further, a non-iterative numerical 
method has been described by Kuo Chu Ho and Moon.®) 
However, an analytical solution, applicable where con- 
siderable accuracy is required, would be desirable. The 
desired solution, which has not before been available, is given 
here for both the solid and hollow beam. - 


THE SOLID CYLINDRICAL BEAM 


For the region near the beam edge we can use an expansion 
of the form 


v= aefn(’) = (AC) 


as (2) A(2) +... |; m= 4/3 (7) 


where a is the beam radius. 
By substituting the series into Laplace’s equation, 


A plot of the 


and equating coefficients of like powers of z to zero, we find 


1d dF 
BPS aan 9.4 
r a dr Srey 
a an tae (m—n)(m—n—1)F,; n=0,1,2 (9) 
r dr dr 


The boundary conditions are found from equation (6) 
to be: 


F()=1, Fi) =0, Fld) =0; n=0,1,2 00} 


These equations can be solved exactly in order, giving 


A()=1 Fau(S)=0 
(2) — Pl (Dy = tion) = 


r\ mm — 1)(m 2)(m — 3) 
F, () x 


(it 


22.42 
r\4 fry? r 1 r 
{©)'~9@) eG) a] #8) 5 
The functions F, and F, are listed in Table 1. These do not 


agree with the corresponding approximate functions given by 
Harrison,®) but a comparison of numerical values indicates 


Table 1. Cylindrical functions F, and F, 


E F2() F4(E) 
(C3) (4+) 
0-1 0-4016 0-0342 
0-2 0-2508 0:0166 | 
0-4 0-1103 0-0039 . 
0:6 0:0423 0-0006 se 
0:8 0-0096 0-0002 
1-0 0-0000 0-0000. 
15 0-0488 0-0088 
2-0 0-1793 0-0158 
3-0 0-6448 0-2219 
4:0 1-3586 1-020 
5-0 2-309 3-022 


that the corresponding functions approach equality fo 


10 Pua Pes 0 (8) large r. With the aid of Table 1 and equation (7) the equi 
ror Or 0z2 potential surfaces can be found near the beam edge. At th 
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beam edge the potential V = Az; the equipotential which 
cuts the beam at Zo is then defined by the equation 


a\2_ rr a4 
ze = zn + (4) A(<) + G) F{-) +.. | (12) 
(The simplest procedure seems to be to choose values of Zp 
and r and solve equation (12) by trial for z. 
Unfortunately, the expansion in cylindrical co-ordinates is 
ivergent for large (r — a)/z. For the cathode surface it iS 
quite useless and a different solution must be used. We note 


hat the leading terms of the a"z™~"F (r/a) are the expansion 
pf the spherical harmonic: 


(r2 + 22)2/3P 4/5 (cos 6) 


here P 4/3 (Cos 0) is the Legendre function of the first kind 
pf order 4/3 and @ is arc tan (r/z). The spherical harmonic is 
ell defined, although its expansion in powers of r/z is 
divergent for r/z > 1. These two facts suggest that we try 
= solution in spherical polar co-ordinates of the form 


= A{R™P,,(cos 8) + a2R”"-YarP,,_>(cos 0) + 
+ b,0,,_2(R cos #)] +...} (13) 


Here R = (r2 + z2)1/2 and R"~ 20, _, is any solution of 
Aplace’s equation with a singularity of the form log (R sin 6). 
fis not a spherical harmonic of the second kind since the 
Litter has a singularity of the form log z as well.) Physically 
#2e meaning of the term in Q,,,_» is clear; it is the potential 
nich would arise from the space-charge if it were concen- 
rated on the axis. The terms in the P,,_,, represent the 
otential due to the electrodes and are non-singular on the 
#2is (except at z = 0). 


‘ If we try the form 


Q,, = log ( 


pnd substitute R”Q,, into Laplace’s equation, we find that 
‘m must satisfy the inhomogeneous Legendre equation: 


Rsin 6 
a 


) Pn (Cos 0) + G,(cos 8) (14) 


mn 94. 4C rani 42 E)G_ 
dx 


a 2 OP (x) pee 


7 (15) 


lvhere x = cos 9. In solving for G we can, without loss of 
kenerality, choose the boundary condition G(1) = 0. Any 
bther boundary condition, G(1) = a, would be equivalent to 
replacing Q,, by O,, + aP,,, and would alter the coefficient 
iW In equation (12). 

| The first two terms of the expansion (13) will be sufficient 
o allow an accurate joining on with the expansion (7). To 
ind a, and by we expand equation (11) in r/z to order z”~2. 


e obtain | 
oe) 


a ba(2) log (-) see | (16) 


he boundary conditions (6) for r = a determine ay and by): 
| C= oan (m—1) 2 
teed 9° 2 9 
he functions P,),(cos @), P_i/;(cos @) and G _9)3(Cos 0) 
tre listed in Table 2. In Table 2 the first and second derivatives 
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Electrode shapes for a cylindrical electron beam 


Table 2. Legendre functions of order 4/3 and —2/3 


x Pas) Poses Peg) <P a ass CaS ae) 
1-0 1-0000 1-556 0:43 1-0000 0-000 
0:9 0: 84664 1-511 0-45 1-01144 0-062 
0:8 0-6978 1-464 0:48 1-02354 0-137 
0-7 0: 5538 1-414 0-50 1-03644 0-227 
0-6 0:41484 1-363 0:53 1-0502 0* 335 
0:5 0:2813 1-308 0:57 1:0649 0-462 
0:4 0-1535 1-248 0:62 1-08074 0-610 
0:3 0-03194 1-183 0:67 1-09794 0-785 
0:2 —0-08294 1-113 0-74 1:1166 . 0-990 
0-1 —0: 1905 1-035 — 1-13704 — 
0-0 —0-2898 — — 1-1596 — 
0-2728 0-0000 1-165 Ss 1-1030 0-839 


of P43, computed by the central difference method, are 
included for reasons which appear below. The functions were 
computed from the Taylor series which was obtained from 
the corresponding Legendre equation. Up to nine terms 
were used and the remainder of the series was replaced, with 
sufficient accuracy, by a geometrical series and summed to 
infinity. The calculation of the coefficients in the Taylor 
series was verified, for the P43 and P_»),, by comparison 
with the formula) : 


PO) = — 4073/2 sin ne @ a ‘) Nee my 


5 5 (18) 


The asymptotic form of the equipotentials, for large R, is 
found by dropping all but the first term in (13). By a second 
order interpolation the root of the equation 


P4j3(cos @) = 0 (19) 
is found for @ equal to 74° 10’. The cathode electrode is 
therefore asymptotic to a cone with this half angle. This 


agrees with the asymptotic value of approximately 75° found 
by Pierce.) The remaining asymptotes are found by solving 
the equation 

V = AzgB = AR*P,)(cos 8) (20) 


which gives 


R= (1? + 221? = z[ Paj,(cos 0)]-3/4 Gy) 


Here zy is the intercept of the asymptote with the z-axis. 
Values of r/z) and z/zg are given in Table 3, with cos @ as 
argument. 


Table 3. Asymptotic form of the equipotential surfaces 
cos 0 r/Z0 2/Zo 
1-00 0-000 1-000 
0-90 0-548 1-020 
0-80 0-785 1-048 
0:70 1-110 1-090 
0-60 1-550 1-161 
0-55 1-847 1-216 

_ 0:50 2-245 1-295 
0:45 2-812 1-417 
0:40 3272 1-627 
0:35 5:63 2-10 
0-325 7-70 263 
0-30 12-62 32.97, 


P. N. Daykin 


Since the second term in equation (13) is less than 10% of 
the leading term for R > 2a, it may be treated as a small 
correction. If we regard equation (20) as determining the 
value of @ for given R, Zo, then the correction d@ due to the 
inclusion of the second term in equation (13) is given by 


Rdb 


a 


2 
(“\ 4/30COS al 5 _2/3(cos 8) + 92 —2/3(COS 0) 
(22) 


Having plotted first the asymptotes, the corrected equi- 
potential surfaces are obtained by using equation (22). The 
corrected surfaces join on with the portions computed from 
equation (7); the plotted surfaces are shown in the figure. 
For the solid beam, the continuation of the surfaces inside 
the beam should be ignored. 


Electrode shapes for the solid and hollow cylindrical 
beam 


The plot refers to a hollow beam with outer radius a and 

inner radius b. The electrode shapes are plotted in terms of 

r/a and z/a for r > a and in terms of r/b and z/b for r < 6. 

Broken lines are asymptotes or tangents. For the solid beam 
the inner electrodes should be omitted. 


A solution is still required for the part of the cathode 
surface near the edge of the beam. It is convenient to intro- 
duce the polar co-ordinates: 


R* = [22+ (* — a) ]"/2, 6* = arctan (r —a)/z (23) 


so that Laplace’s equation becomes 


1g ED AVC bi etm o2P 
R®OOR* -OR*~ -R*2 0G" 
; : WV cos O* OV 
as R*sin@ ati * ) 
(a + R* sin 0) sin SRE + R® 0G (24) 
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A solution in ascending powers of R* has the form 


V = R*m cos mO* + R*+1(4a)—! x 


m—1 
. Q* 
+ 7 Sing + 1) | ae 


m 


sin (m — 1)0* — 


1 
Te m Q* 
+ (2a)—2R* | ar ED =D cos (m + 2)0* + 


BE yee Gos 108 te cos (m — 26 | a 
m+ 1 m 


oc Sb GO 


which is valid for R* <a. The cathode surface is therefore 
tangent to a cone of half angle 67-5° as previously found by 
Pierce, and the half angle gradually increases to 74° 10’.. The 
correction d0* to be added to the value of 67:5° is given for 
small R*/a, by 


(25) 


R* 2 m-+2 
\ 2a] m(m + 1) 


cos 45° 4 


* 
md@* = > +-4)=! ‘sin 22°52 
‘ (26) 


The final plot appears to agree fairly well with the previous 
results of Pierce, Harrison, and Kuo Chu Ho and Moon. 


THE HOLLOW CYLINDRICAL BEAM 


For a hollow beam of outer radius a and inner radius 
the outer equipotential surfaces are identical with those shown 
for the solid beam, but there must be an additional set of 
electrodes located in the charge-free space inside the beam. 
For the inner equipotentials the expansions (7) and (25) can 
be used if a is replaced by b. In using equation (25) it shoul 
be noted that 6* is negative and therefore the correction do* 
has the effect of reducing |@*| from the 67-5° value. The 
differential formula corresponding to equation (26) is 


R*\2 mt+2 


> Wee | 


R* 
md6* = —(m + 1)- sin 22-5? + ( 
(27) 


The inner equipotentials have the shape of a cone with a 


spike of decreasing radius extending along the z-axis. For 
small r/b the radius of the spike is given by 
9 /z\2 Zo\ 43 i | 
moo EGY GJ} 
r/ exp 5 b [ . + 5 (28) 


which is obtained from equations (7) and (11). 


The complete set of equipotentials for the charge-free 
regions is exhibited for convenience as a single plot in the 
figure. It should be noted, however, that the scales of the 
plot are different forr > aandr <b. In practice the cathode 
spike could probably be replaced by a self-supporting cylinder 
cut off short of the anode without introducing appreciable 
error into the field. 
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A germanium point-contact transistor to operate at high 
ambient temperatures 


By A. F. Gipson, Ph.D., J. W. GRANVILLE, Ph.D., and W. BarDSLEy, Ph.D., A.Inst.P., Grad.LE.E., Radar 
Research Establishment, Great Malvern, Worcs. 


[Paper first received 4 March, and in final form 1 April, 1955] 


Under suitable conditions, minority carriers can be swept out of a bar of germanium by appli- 

cation of an electric field. The density of minority carriers is kept small and one of the causes 

of the large temperature coefficients of transistor characteristics, namely the rapidly increasing 

density of minority carriers with increasing temperature, is suppressed. This paper describes 

the application of this technique to germanium point-contact transistors. A significant 

improvement in high temperature performance and speed of operation is obtained at the cost 
of increased complexity in assembly. 


1 a previous paper“) a process called ‘carrier extraction’ is 
lescribed. Since this paper was written it has been pointed 
Hut that the term ‘extraction’ was used originally by Banbury?) 
» describe another phenomenon also associated with the 


eduction in density of minority carriers in’ semiconductors. 
ho prevent confusion, it has been decided to rename the 
rocess described by the above authors ‘carrier exclusion.’ 
iefly this process. is as follows. 

| If a voltage is applied to a bar of n-type germanium the 
smority carriers (holes) are swept out at the negative electrode 
1d an equal number of electrons at the positive electrode. 
ovided that holes are excluded from entering at the positive 
sectrode, i.e. the injection ratio is nearly zero, and that the 
fansit time of holes along the bar is less than the hole life- 
ene, the hole density in the bar is considerably reduced. 
ris, the minority carrier exclusion technique maintains a 
ple density small compared with the electron density (due 
. Impurities) at all temperatures. 

-in both junction and point-contact transistors the most 
ublesome effect at high temperatures is the rapid increase 
th temperature of the collector current at zero emitter 
‘trent (i,9). This causes a shift of the operating point of the 
ansistor, a reduced ‘on’ to ‘off’ collector current ratio in 
Dint-contact switching transistors and ultimately a self- 
mulative increase in collector current which burns out the 
bllector contact. As the increase of i,g at high temperature 
| caused by an increase in the minority carrier density, it is 


emitter collector 


Icohemisphere 


positive negative 


non-injecting sweep 
base electrode 
n-type germanium 
(a) 
emitter collector 
sweep 
7 base k-—|—~~-1 electrode 
(b) 
iFig. 1. (a) Schematic diagram illustrating the i, 


hemisphere and the diffusion length hemisphere 


(b) The experimental arrangement used in the transistor 
tests 
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clear that these disadvantages can be overcome by the use 
of exclusion techniques. 

The application of carrier exclusion to a point-contact 
transistor is illustrated in Fig. 1(a). The collector contact 
collects holes by two main processes, namely field flow and 
diffusion flow. Within the smaller hemisphere the current 
density (due to i,9) is large and hence the electric field is 
large. All holes generated in or injected into this region. 
reach the collector quickly without significant recombination. 
Outside this hemisphere the holes travel mainly by diffusion, 
and in the absence of external fields the collector receives 
holes generated within a diffusion length of the contact. 
This division of the collector region into an ig hemisphere 
and a diffusion length hemisphere is rather arbitrary, but is. 
convenient for the present discussion. Holes that are 
thermally generated within the i,9 hemisphere are controlled 
by the strong collector field and are not influenced by the 
comparatively weak sweep field when this is applied. On 
the other hand, in the diffusion length hemisphere where the 
collector field is weak, the thermally generated holes are 
removed by the sweep field. 

An “exclusion point-contact transistor’? has the structure 
shown in Fig. 1(6). A region of very low resistivity is necessary 
at the positive terminal to reduce end injection to negligible 
proportions. 


ON THE DESIGN OF TRANSISTORS UTILIZING THE 
PRINCIPLE OF CARRIER EXCLUSION 


The approximate voltage required to reduce the hole 
density in n-type germanium to half its original value is given 
in the previous paper) as 


Ve = (kT g/L)” 


where kT/q = 0-026 V at room temperature, / is the length 
of the germanium bar [see Fig. 1(6)] and L, is the diffusion _ 
length of holes in the n-type germanium. Despite the 
approximations made, the equation has been found to be in 
good agreement with experiment over a wide range of resis- 
tivity, diffusion length, specimen length and temperature. 

When a sweep voltage is applied to a transistor so as to. 
cause carrier exclusion, it is desirable that this voltage should 
be several times larger than V,. The sweep current is, of 
course, a function of the sample dimensions, resistivity and 
temperature, and was typically a few milliamperes in the units. 
studied. 

The density of the holes not swept out of the bar by the. 
field is not uniform but increases towards the negative. 
terminal. For sweep voltages appreciably greater than V3 


A, F. Gibson, J. W. Granville and W. Bardsley q 


the hole density increases from zero (ideally) at the non- 
injecting positive base terminal to pot/7 at the negative base 
terminal, where po is the initial hole density without exclusion, 
t is the transit time and 7 is the hole lifetime. This effect 
makes it desirable to place the emitter and collector contacts 
as near as possible to the positive base terminal, typically 
within 0:5 mm. Furthermore, a line joining the emitter and 
collector contacts should be parallel to the long edge of the 
bar with the emitter nearest to the positive base terminal. 
The results of these arrangements are that (i) the sweep. 
field has the maximum effect on the transistor, (ii) the current 
gain a is maintained as large as possible, (iii) the base 
resistance 7, is reduced and (iv) the biasing of the emitter 
and collector relative to the base by the sweep field is kept 
to a low value. 

In germanium specimens of the dimensions used, the 
lifetime 7, and hence the diffusion length L,, are primarily 
determined by the surface recombination velocity. It was 
found that the surface recombination velocity increased 
markedly with time of exposure to air at elevated tem- 
peratures (of the order of 100°C). For this reason, the 
surfaces were allowed to ‘‘age’” to obtain consistent results. 
Thus the performances of the experimental transistors to be 
described could be improved by using suitable encapsulation 
techniques. 


EXPERIMENTAL CONDITIONS 


Germanium bars of rectangular cross-section were used in 
the transistor tests as the voltages and currents necessary to 
reduce the hole density could be calculated simply. Other 
geometrical configurations are possible for exclusion tran- 
sistors but these were not investigated. 

Comprehensive tests of the performances of exclusion 
transistors were made using 8 {2.cm, 50 ps hole lifetime 
n-type germanium on to which a heavily doped 0:01 Q.cm 
n-type region had been grown. Specimens of bar form with 
pure regions of typical dimensions 2 x 0:5 x 0:5 mm were 
cut from this material so that in each bar the n/n+ junction 
was normal to the axis of the bar. The n+ region was 
connected to the positive terminal of the sweep voltage. 
This terminal was also the “‘base terminal’’ of the transistor. 
The sweep voltage was 2 V in all the tests unless otherwise 
stated. It might be pointed out that non-injecting end 
connexions can be made by using antimony/lead alloy 
solders. However, these were not tested in the transistor 
experiments. : 

All the transistors were made on a micro-manipulator. 
The point assembly and the germanium were enclosed under a 
small glass dome to exclude draughts, but otherwise were 
open to the air. 


HIGH TEMPERATURE TESTS 


Fig. 2 shows i,9 as a function of temperature for a transistor 
with and without carrier exclusion. Taking the maximum 
allowed value of i.9 as say 1 mA, the effect of exclusion is to 
increase the maximum temperature limit of the transistor by 
about 30° C. 

Fig. 3 shows a full set of characteristics for a typical 
transistor at 105° C with and without carrier exclusion. The 
collector was formed in the usual manner. The displacement 
of the characteristics from the origin when the sweep field is 
applied is caused by the voltage gradient along the bar. The 
transistor parameters for this set of characteristics are given 


pisy 


for the swept condition taking as an operating point: 
BM, Les ae DEN re 0-11 Vand J, = 0:5 mA. 


ry = 400 2 

I o\ ee 15000 Q 

ri2 = 50 Q 
On rare, 


maximum power gain®) = 60 
voltage gain = 49 


This is an excellent performance for a germanium transistor 
at 105° C when i.g for this operating point is only 1-1 mA 
and the transistor has been aged in air to obtain consistent 
results. 
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Fig. 2. io as a function of temperature for a transistor 
(b) with, and (a) without carrier exclusion. V,=8V 
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Fig. 3. A set of characteristics of a germanium — 


transistor at 105° C with and without exclusion 
= with exclusion; —---—-—— = without exclusion. 


HOLE STORAGE MEASUREMENTS 


When the emitter current of a transistor is suddenly reducec 
to zero, the collector current does not decrease instantaneousl} 
but suffers a delay which can be several microseconds it 
point type transistors. This effect is known as hole storag 
and arises in the following manner. Consider an emitte 
which is suddenly turned off with a small negative pulse. A 
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A germanium point- 


ne time of turn off, the holes from the emitter are travelling 
HY various paths to the collector and those outside the ico 
Hemisphere are travelling mainly by diffusion. It is the 
~latively slow diffusion of these holes to the collector which 
haintains a collector current greater than igo for several 
hicroseconds when the emitter current is zero. If a sweep 
eld exists in the transistor, the holes which would have 
ravelled to the collector by diffusion are swept out at the 
jegative electrode and the hole storage effect is reduced. 
his reduction has been confirmed experimentally. 

| Relative changes in the hole storage effect were observed 
jsing the circuit shown in Fig. 4. The emitter is grounded 


OV 


-4V 


to monitor 


+ 
4tLo 


Fig. 4. Circuit used to test the hole storage effect 


11 a positive going pulse of about 4 V is applied to the 
ise. The collector is connected to a thermionic catching 
ode to limit the collector voltage swing. Fig. 5 shows 
bltage waveforms obtained at the collector of a typical 
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| Fig. 5. Waveforms obtained in the hole storage tests 


\(a) Input pulse to base. (6) Collector pulse, no exclusion. 
(c) Collector pulse; sweep voltage = 1-5 V, sweep current = 
2mA. (d) Collector pulse; sweep voltage = 6V, sweep 
Be current = 7 mA. 


ansistor with different sweep voltages applied. The mag- 
itude of the pip which follows the leading edge of the pulse 
ja function of the hole storage. With no sweep field a large 
ip is obtained and its reduction is proportional to the 


jagnitude of the applied sweep voltage. 


SMALL SIGNAL FREQUENCY RESPONSE 


| The cut-off frequency of a transistor is usually defined as 
ye frequency at which the current gain «, falls to | [\/2 of 
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contact transistor to operate at high ambient temperatures 


its low frequency value. In a point-contact transistor the 
decrease of « at high frequencies is caused by the random 
phase of the holes arriving at the collector. Holes leaving 
the emitter set out in all directions and those leaving the 
emitter in the opposite direction to that of the collector will 
have longer paths to travel before reaching the collector. 
The sweep field in an exclusion transistor is of the correct 
polarity to assist the transfer of these long path length holes 
to the collector and should improve the frequency response 
of the transistor. This improvement has been confirmed 
experimentally. 

Fig. 6 shows the « versus frequency curves for a transistor 
with and without carrier exclusion. When the sweep field is 


Es) 
x tO 
O5 
O IS Lo] 
| Ke) K@Xe) lIOOO 10000 
(a) Frequency response (kc/s) 
15 = | | 
POS, : 
©5 
O 
| K@) @xe) IOOO OOOO 


) 


Fig. 6. Frequency response of « for a transistor with 
and without carrier exclusion. Point separation = 
6 x 1073 in. 


(6) With exclusion. 


Frequency response (kc/s) 


(a) Without exclusion. 


applied, ~ remains constant up to higher frequencies and the 
cut-off frequency is raised. The degree of improvement is a 
function of the point spacing as shown in Fig. 7. For point 
spacings less than about 0-002 in. the cut-off frequency is 
not improved by the use of carrier exclusion. This limitation 


Cut-off frequency (McA) 


Oe 


@) 2 4 6 8 [e) 
Point separation (in.) 


Fig. 7. The cut-off frequency as a function of point 
spacing for transistors, (a) with, and (6) without carrier 
exclusion. (8 Q.cm germanium) 


can be explained by assuming that when the points are very 
close together the emitter contact lies within the i. hemisphere 
so that all the holes travel to the collector under the influence 
of the collector field. This field is large compared with that 
due to the sweep voltage and the effect of the latter on the 
path lengths of the emitted holes is negligible. 
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NOISE 


The reason for the large noise factor of a point-contact 
transistor is not known at present. There was the possibility 
that the sweep current used in an exclusion transistor might 
provide an additional source of noise. Therefore, the noise 
factors of several transistors were measured at room tem- 
perature and at elevated temperatures for various values of 
sweep current. The test frequency was 1 kc/s. It was found 
that exclusion did not cause any change in the noise factor 
which was of the order of 50 dB under all test conditions. 
The invariance of the noise factor with sweep voltage suggests 
that it is independent of the minority carrier density outside 
the i. hemisphere. 


DISCUSSION AND CONCLUSIONS 


Although the technique of exclusion improves the per- 
formance of point-contact transistors, it cannot be success- 
fully applied to junction transistors. For point-contact 
transistors, the majority of the emitted holes flow to the 
collector in the strong electric field set up by i.9 and the 
comparatively weak sweep field has negligible effect on them. 
Thus, the transistor performance is not impaired. On the 
other hand, in a junction transistor holes flow from emitter 
to collector primarily by diffusion, and if a sweep field 
existed in the base region they would be swept out and the 
current gain « of the transistor would be reduced. Even a 
small decrease of « in a junction transistor would seriously 
impair its performance. It may be noted, however, that the 
exclusion technique can be applied successfully to a junction 
diode and a marked decrease in its hole storage is obtained. 

Exclusion point-contact transistors have the following 
advantages : 

(i) a point-contact transistor capable of safe operation up 
to at least 100° C can be made using germanium; 


(ii) Compared with a conventional germanium point=— 
contact transistor, an exclusion transistor with the same point 
spacing has reduced hole storage; a 

(iii) the cut-off frequency is increased by carrier exclusion” 
for point spacings greater than 0-002 in. ; ( 

(iv) the techniques necessary to produce exclusion ger= 
manium transistors in quantity are all well known. She 

These advantages are obtained, however, at the following. 
costs: 

(a) it is necessary to 


| 


have an additional power supply of a 
few volts (typically 2) delivering a few milliamperes’ 
(typically 1-5 to 6mA) to each transistor. This power 
consumption is about 20% of the total power consumption 
of the transistor under typical operating conditions ; 

(b) the construction of each transistor is made more 
complicated in that, not only must the points be closely 
spaced, but they must be placed near a particular part of the 
crystal. E| 
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The determination of the dynamic properties of crystal diodes 


By G. Stuart-MonteITH, B.Sc., A.M.I.LA., Grad.Inst.P., Royal Naval Scientific Service - % 


[Paper received 15 February, 1955] 


The a.c. properties 
shown to depend both on 


of a crystal diode biased in the forward direction are discussed, and are 
the frequency and magnitude of the applied voltage. A method is 


given for determining the dynamic resistance, the results obtained agreeing with the theory. 


There are three methods by which crystal diodes have been 
used in amplifiers to impart non-linear characteristics. The 
first method makes use of the property that the dynamic or 
a.c. resistance of a crystal varies with the quiescent or d.c. 
current passing through it, and hence the transmission loss 
of an attenuation pad, in which crystals are incorporated, 
may be varied by means of a d.c. control current.4-2) The 
second application merely uses the diode as a voltage- 
controlled switch to introduce either an attenuating resistance 
or feedback.@) The third method combines both properties, 
the crystal shunting a high resistance so that when the diode 
is conducting the high resistance is by-passed by the low 
resistance of the crystal, and when the control voltage causes 
conduction to cease, the high resistance is introduced.) 

In all these methods the dynamic properties of the crystal 
are important, and this paper briefly discusses these pro- 
perties, and gives a method of determining the dynamic 
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resistance for low values of bias current, so that this para’ 
meter may be measured under the same conditions unde! 
which the crystal will be working. , 


GENERAL PROPERTIES OF A CRYSTAL DIODE 


The simplest equivalent circuit for a crystal diode tha 
takes into account the known physical parameters is show! 
in Fig. 1. The circuit consists of a non-linear resistance R 
shunted by a non-linear capacitance C (the barrier resistance 
and capacitance), these being in series with a linear resistane 
r, which is the ‘‘spreading resistance” in the semi-conductot 
and which depends on the construction of the crystal. A 
zero bias the barrier resistance R > r but it decreases as th 
current in the forward direction is increased, and ultimatel 
becomes small compared with r. 

Consideration of the voltage-current characteristic of 
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tS A [exp (wE’) — 1] (1) 


Where i is the direct current, A and « are constants, and E’ 
S the voltage across the barrier. The voltage E’ is given by 


E’ = E — ir (2) 


P here E is the voltage applied to the rectifier and r is the 
}preading resistance. 


Fig. 1. Equivalent circuit of a crystal diode when biased 
: in the forward direction 


' Differentiating equation (1), to obtain the dynamic barrier 
fesistance R’ 


1/R’ = di/dE’ = «A exp («E’) (3) 
eut from equation (2) 
dE’ = dE — r.di (4) 


Pherefore R’ = dE’/di = (1/cA) exp (—aE’) (5) 
= (dE di) — r = (1A) exp [—o E — in] © 


Ae, dynamic resistance of the diode 
dE/di = R’ +r = (1/«A) exp [—e(E —ir)] +r. (7) 


| Thus when the applied voltage is a periodic function, the 
rynamic resistance will depend upon frequency, and in 
feneral will not: be the value obtained by determining the 
iiope of the static characteristic curve. 

| This dependence of the dynamic resistance on frequency 
as in the past been investigated at radio frequencies; further- 
nore, it has been shown that the dynamic resistance is 
rependent upon the power expended in the crystal, that is, 
| EB = E” + E’’ f(t) where E” is a d.c. voltage and E’” f(t) 
» a periodic voltage, then the value of dynamic resistance 
rill depend on E’’ f(t). 

When R becomes small compared with r the characteristic 
| no longer exponential and approaches a constant slope 


i 
| 


ars 


tetermined by the value of the spreading resistance. 
The barrier capacitance C arises from the storage of charge 
athe boundary layer. Since the magnitude of the capacitance 
epends upon the thickness of the barrier layer, which in turn 
a function of the applied voltage, the capacitance is non- 
ear. The large forward conductance and the presence of 
me spreading resistance makes a quantitative determination 
f the effect difficult, but in general it lies in the range 0-2 to 
'OpF. Hence the shunting effect of its impedance may be 
eglected, except at very high frequencies. 


DETERMINATION OF THE DYNAMIC RESISTANCE 


| A Wien’s bridge circuit described in the literature“) was 
icst used, but as a meter for determining the quiescent current 
hrough the crystal was required, and also since the barrier 
apacitance made the balance point difficult to determine, the 
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variation of the Schering bridge shown in Fig. 2 was used 


and found to be satisfactory for low values of the bias current 
where R ss r. 


if O-lmA 


3OV O-25MN. 


Fig. 2. Bridge circuit for determining the dynamic 
resistance. Cj, is a d.c. blocking condenser having a 
high capacitance 


Referring to Figs. (1) and (2) and neglecting r, then for 


balance: 
cl (2 x me) ‘2 (; TR ) / Re 
ie. jwC,(Ry +) = Ry(& + jwC). (9) 
JwC, R 
-Equating real and imaginary parts 
R= (Cy/G). x R3; and C= (R/R;) x C, (0) 


thus the conditions for balance do not depend on frequency 
and, by making the variables C, and R,, are independent of 
each other. In practice it was found that a very sharp and 
accurate measurement of R could be made by varying R;, 
but the determination of C was, as predicted above, most 
difficult, only the order of the capacitance being determined. 

With increase in the bias current R became comparable 
with r and a sharp minimum could no longer be detected, 
but the dynamic resistance could be plotted to show the 
asymptotic value of r. 
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Fig. 3. Variation of dynamic resistance with current, for 


applied voltages of different frequency. The static voltage 

current characteristic is also shown, together with the 

dynamic. resistance characteristic (dE/di) obtained from 
this curve 


a.c. input to bridge = 1V r.m.s. 
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RESULTS 


Using crystal diodes type CV425, the static voltage current 
characteristic together with the dynamic resistance obtained 
from the curve were plotted for a number of crystals. The 
dynamic resistance was then plotted against bias current at a 
number of audio-frequencies, a family of curves such as 
those shown in Fig. 3 being obtained in each case. 

It will be observed that the dynamic resistance obtained 
experimentally is considerably less than that obtained from 
the static curves. In addition, it was also determined that the 
dynamic resistance depended upon the magnitude of the 
applied voltage. (It should be noted that in the bridge 
circuit C, was chosen to have a sufficiently high impedance 
so that the a.c. voltage across the crystal did not vary 
appreciably with frequency.) 


Measurement of the pressure distribution between rollers 
in contact 


By G. J. Parisu, B.Sc., The British Cotton Industry Research Association, Shirley Institute, Manchester, 20 
[Paper first received 11 January, and in final form \1 February, 1955] 


The measurement of pressure distribution in industrial rolling processes has hitherto been carried 
out only on roller systems of the fixed gap type. The apparatus described here extends the 
measurement to processes in which there is no fixed gap between the rollers, and also to appre- 
ciably lower loads than any previously studied. 


(2) Fracassi, R. D. Bell Lab. Record, 31, p. 452 (1953). 
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A radial pressure pin is mounted in one of the 


roller. Provision has been made for the investigation by actual pressure-distribution measure- 
ment of the effect on recorded pressure of the height of the pressure pin relative to the roller 


rollers and transmits the load on its outer end to a pressure-sensitive device situated within the a : 


erroneous pressure recording, and a method of correction has been developed. 


surface and of depression of the pin under load. Pin depression has been found to cause 


The processes of calendering and mangling are used for a 
variety of purposes in the finishing section of the textile 
industry. However, the two processes are essentially similar 
in that in both the textile material is subjected to pressure 
by being passed between two rollers which are pressed 
together. A knowledge of the distribution of pressure between 
the rollers is therefore of fundamental importance to a study 
of these processes. Measurements of pressure distribution 
have been made in other industrial rolling processes‘!~*); 
but only in processes of the type having a fixed gap between 
the rollers. In the textile processes, on the other hand, there 
is no roller gap, which means that the nip (the area over 
which the roller load is distributed) is obtained in quite a 
different manner, as shown in Fig. 1. If there is no gap one 
of the rollers must be relatively soft, and the nip is formed 
largely by the indentation of this roller. The conditions in 
the nip depend not only on the properties of the rolled 
material, but also to a considerable extent on the composition 
of thé soft roller. Calendering and mangling differ mecha- 
nically only in the load applied to the rollers and in soft 
roller composition; pressure distributions in both processes 
may thus be investigated on one machine. 

The method of pressure-distribution measurement ori- 
ginated by Siebel and Lueg“ consists in mounting a pressure 
transmitting pin in a radial hole in one of the rollers, with its 
outer end flush with the roller surface and its inner end in 
contact with some pressure-sensitive device inside the roller. 
As the outer end of the pin passes through the nip the varia- 
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tions in load on it are transmitted to the pressure-sensitive 
device where they are converted into some form (such as’ 
electric current variations) which may be extracted from the 
roller and displayed to represent the original distribution of 
pressure. The accuracy of the method depends primarily 
upon the pressure pin, and errors may be expected to arise 


hard “hard ; 


| hard | 


(9) 
Bip ealy 


(a) fixed gap between rollers. . x 
(b) no fixed gap. & 


soft s 
(b) 


The two types of nipping process 


both from a pin height differing from zero (flush with the 
roller surface) and from a relative movement of the pin face 
and the roller surface under load. An effect is to be expected 
from the first of these factors even though the compressi- 
bilities of pin and roller are equal. However, it is reasonable 
to assume that a pin having the same compressibility as the 
roller and set flush with the roller surface will correctly record 
the pressure distribution; this, indeed, has been the basis ol 
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he previous investigations, pains being taken to reduce the 
irelative compression of pin and roller to as small a value as 
possible. A few measurements have been reported by Smith, 
Scott and Sylwestrowicz®) in which the pin, after calibration, 
jastead of being ground flush with the roller surface was 
ites slightly proud, but until the present investigation no 
| ystematic study of the effect of deviations from the ideal 
onditions had been made. To study these effects in the 
present apparatus the height of the pin is adjustable. 

_ To convert the variations in load transmitted by the pressure 
pin into a form suitable for recording, the photoelastic method 
Hevised by Orowan, Scott and Smith®) has been adopted. 
\ n this method a glass block situated at the roller axis is used 
ms the pressure-sensitive device. Polarized light is passed 
own an axial bore in the roller, the source being stationary 
i nd mounted outside the roller. The light transmitted 
through the block is passed through an analyser and col- 
tected by a stationary photocell. The polarizer and analyser 
/vith their axes suitably orientated are fixed to the roller and 
rotate with it. In this way the load variations on the glass 
block are converted into intensity variations in the trans- 


! 


mitted light. The high mechanical strength and negligible 
ereep of glass make it the ideal photoelastic material for this 
purpose, and its low sensitivity is no disadvantage. 

Tn their paper, Orowan, Scott and Smith derive the relation- 
;2ip between light intensity and applied load for the arrange- 
pxent in which the polarizer and analyser are crossed and 
pave their axes inclined at 45° to the axes of principal stress 
#) the glass block: In the present application use has been 
ade of some features of the general relationship for any 
nalyser position. It is sufficient to quote this general 
=!ationship, which is 


I = 4A[1 + cos 20 cos (KL/b)] (1) 


| Here I denotes the intensity of the light falling on the 
h hotocell, and A the amplitude of each of the polarized 
ipeams emerging from the glass block; LZ denotes the load 
lie the block, b its breadth, and @ the angle between analyser 
pad polarizer; K is a constant dependent upon the photo- 
jlastic properties of the glass. If the analyser is crossed 
vith the polarizer (9 = 7/2) 


I = 8A? sin?(KL/2b) 


Vhich is the relation given (with different notation) by 
Prowan, Scott and Smith. This is the working position of 
e analyser, and in order to obtain an approximately linear 
ght intensity/load relationship the glass block must be 
ire-loaded to bring the working range into the central 
ortion of this curve. 


Ye 


| 


| 


| 
In an apparatus designed to give a quantitative measure 
i the pressure distribution in the nip it is desirable to be 
ble to check the accuracy of the results obtained from direct 
hlibration of the pressure pin by comparing them with some 
her measure of the load present; this will generally be the 
tal load on the nip. In order to compare this total load 
ith a single measurement of pressure distribution made at 
ne centre of the roller face, it is necessary to ensure an even 
listribution of pressure along the nip. In the experimental 
alender, which has been built to house the pressure-recording 
juipment, roller deformation, the most serious cause of 
ineven pressure distribution in conventional machines, is 
ercome and an even distribution of pressure obtained by 


yducing the length of the working faces of the rollers to 15 in. 
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THE EXPERIMENTAL CALENDER 
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Measurement of the pressure distribution between rollers in contact 


The experimental calender has three rollers, the outer two 
of which are of metal and remain permanently part of the 
machine. The centre position is occupied by the soft roller; 
soft rollers of various sizes can be accommodated. The 
14 in. diameter mild steel top roller contains the pressure pin 
and glass block assembly, and the bearings in which it runs 
are fixed in position on the calender frame; load is applied 
hydraulically, the bottom and centre rollers being pushed 
up into contact with the top one. The drive to the machine 
is applied directly to a gear on the top roller shaft, the other 
rollers being driven through the forces at the nips. 


THE PRESSURE RECORDING APPARATUS 


The apparatus (Fig. 2) is required to cover mean nip 
pressures ranging from 100 to 8000 lb/in.2, with nip widths 
between 4 and I4+in. A rectangular pressure pin is used, 
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Fig. 2. Schematic diagram of the apparatus 


S, light source; Li-L4, lenses; P, polarizer; A, analyser; 
G, glass block. 


having a width (in the direction of rolling) of #;in. and a 
length of 4in. With these pin dimensions a glass block 1 in. 
wide with a stress optical coefficient of 2-5 brewsters will give 
a satisfactorily linear response at the highest load. 

The time of passage of the pressure pin through the nip 
varies from => to 14s, and d.c. amplification between the 
photocell and the cathode-ray tube is essential. By using 
an efficient optical system it has been found possible, with a 
12 V, 24 W bulb as the light source, to cover the required 
load range with an amplifier gain variable between 30 and 
500 (a further range of gain may be obtained by varying the 
lamp voltage). The use of d.c. amplification also permits 
calibration of the apparatus by static loading of the pressure 

in. 
: The functions of the auxiliary apparatus may be described 
briefly. The mechanical trigger to the time-base unit is 
obtained from a cam on the top roller. The time-marker 
unit provides periodic interruptions of the time-base trace in 
the usual manner. The position-marker unit provides three 
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equally-spaced markers on the trace, giving a scale in terms 
of peripheral or angular position of the top roller. The pulses 
are initially obtained by sweeping with a rotating narrow 
light beam across three slits mounted in front of a photocell, 
the units being so positioned that the centre pulse indicates 
_ the line of centres of the rollers. For display, twin pulses 
are generated from each of the primary pulses in such a 
way that the centre line of each pair corresponds to the peak 
of the primary pulse. To avoid confusion with the time- 
marker pulses the display pulses are applied not to the 
cathode-ray tube modulating electrode but to one of the 
Y-plates. 

The amplifier calibration circuit is necessary because the 
gain of a d.c. amplifier varies appreciably with the operating 
conditions; the way in which the calibration is applied is 
described below. 


THE PRESSURE PIN ASSEMBLY AND _ OPTICAL 


SYSTEM 


As there is no fixed gap between the rollers of the experi- 
mental calender, the assembly of pressure pin and glass block 
must be mounted in the top roller in such a way that there 
are no sharp edges to damage the surface of the soft middle 
roller. This has been achieved by building the assembly into 
an insert unit which fits into a radial hole in the top roller 
surface, the upper surface of the insert forming a part of the 
roller surface. The insert is held in place by being bolted to 
the roller, and the recesses which take the bolt heads are 
filled in with a low melting-point alloy. 
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Simplified diagram of the pressure pin and glass 
block assembly 


The details of the pin assembly are shown in Fig. 3. The 
cylindrical tube (1), which contains the assembly, screws on 


end is constrained by the slot through which it passes. This 
slot is cut in the minor cap (3), which is split for this purpose ED 
this cap is held in the larger cap by the nut (4), its position — 
being determined by a dowel pin. A similar pin locates the 
main cap on the roller. ig 

The pin blade (5), of tool steel, protrudes 4 in. from the 
pressure rod (6); the bottom end of this rod transmits the — 
load to the glass block (8) through the cover plate (7). Pre-_ 
loading of the block is also applied through this cover plate 
by means of the stiff leaf spring (12). § 

The glass block itself is contained in the cylindrical block (9) 
which is free to slide in the tube (1) but is restrained by the 
euide (10) from rotating. This cylindrical member has” 
conical holes drilled in it to allow the light beam to pass | 
through. The bottom plate (11) on which the glass block 
rests, is firmly fixed to the cylindrical block, and pre-loading , 
is accomplished by adjusting the screws which hold the leaf 
spring (12). Since this part of the assembly forms a single, 
removable unit, the pre-loading can be adjusted on an optical 
bench. A 
The plate (11), which supports the glass block, is itself 
supported by the plate (13), which is part of the pin-raising 
mechanism. This plate is continued below as a threaded | 
rod on to which the pinion (14) is screwed. The pinion » 
engages with a worm (15) and therefore, since the plate (13) - 
is prevented from rotating by the guide (10), rotation of the 
worm raises or lowers this plate and hence the whole pin 
assembly. The combination of worm, pinion and thread 
gives a movement of 0:9 x 10-3 in. per turn of the worm. 
The thrust from the pressure pin, which is transmitted through 
the assembly to the pinion (14), is taken through the thrust 
race (16) to the bottom plate (17) which screws into the 
tube (1) to complete the assembly. % 

The mechanism for altering the pin height acts against the - 
spring (18), which keeps the pressure rod in contact with - 
the cover plate and the glass block unit in contact with the 
raising plate (13). This spring is of just sufficient strength - 
to hold the units in position against their own weight. For 
calibration the pin must be raised slightly, but it is not * 
necessary to raise it more than 34,5in. above the roller 
surface; any increase of pre-loading due to compression of : 
the spring is therefore negligible, as is the effect of movement 
of the centre of the glass block from the axis of the roller. 
The end of the worm shaft is of square section to enable the’ 
pin to be raised and lowered with the insert in the roller, 
and can be engaged by a control rod inserted down the axial 
bore of the roller. 4 

The lenses and polarizers of the optical system are mounted 
in tubes which slip into the axial bore (see Fig. 2). The 
tube on the source side is permanently locked in position, | 
but that onthe photocell side is removable to enable the pin. 
height control rod to be inserted; the photocell is mounted | 
so that it can be swung to one side for this purpose. The 
flange on this tube has a simple locking device to locate the 
analyser in its correct angular position when replaced. A 
simple device is quite sufficient, since, at the crossed position, 
the analyser setting is not critical [equation (1)]. The position 
of the photocell also is not critical providing that all the light. 
falls on its cathode; the calibration procedure adopted will 
correct for small changes in sensitivity due to changes in the 
response of the cell. & 
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CALIBRATION PROCEDURE a 


The calibration of the apparatus consists in applying known 


to the cap (2), the pin turning in its bearings since its upper loads to the pressure pin from a simple lever system and 
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n the gain of the whole apparatus, which is done in the 
jollowing manner. First, the photocell is made to act as its 
’wn monitor, by using the displacement from zero of the 
ace obtained with the pin not loaded as a measure of the 
ight intensity. It is convenient to refer to this as the “standing 
: ght.” In this way variations in the intensity of the light 
Ivhich affect the general intensity are allowed for. This 
| cludes compensation for variation in sensitivity of the cell 
itself, providing its response remains linear. 

| The gain of the electronic circuit is measured by the 
implifier calibration unit, the calibration being carried out 
-utomatically after each time-base sweep. A series of stepped 
oltages is applied to the amplifier input and the time base 
» Tetriggered at each level. Six traces are obtained in this 
vay and are photographed with the pressure-distribution 
ecord. The six equally spaced voltages are obtained from a 
jain of wire-wound resistors, the voltage applied to the 
riain being measured by a meter. Two potentiometers are 
sed to adjust the zero level voltage and the magnitude of 
‘© voltage steps. The selection of the various calibration 
joltages in turn and the necessary time-base triggering are 
eried out by a relay circuit. 

| The monitoring of the optical system as so far described 
ssumes that any variations will affect the general light 
“tensity; that is, will affect equally both the “standing light” 
bid the slope of the linear portion of the light intensity/load 
lurve. However, there is one possible variation in the glass 
pock assembly which will not have this effect; this is an 
teration in the amount of pre-loading. A small reduction 
» the pre-loading would reduce the standing light but not 
‘ter appreciably the slope at the working point. Constancy 


a 


jith the analyser in the parallel position [which gives a 
psine-squared relation, see equation (1)] as well as in the 
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Fig. 4. Calibration curve 
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wom the source and any variations in the optical system - 


f pre-loading can be checked by recording the light intensity _ 
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crossed position, since the ratio of parallel and crossed 
readings is dependent upon the amount of pre-loading. 


EXPERIMENTAL RESULTS 


A typical calibration curve of the apparatus is shown in 
Fig. 4; this relates the slope of the load plot to the standing 
light value, both being expressed in terms of the amplifier 
calibration trace separations, for a given calibration input 
voltage. If the same voltage is used for amplifier calibration 
during pressure-distribution measurements this curve is used 
directly; if a different voltage must be used the appropriate 
correction is made. 

Figs. 5(a) and (6) show two typical photographs of pressure 
distributions, the former being obtained with a soft roller of 
compressed cotton, the latter with a roller having a thin 


(a) 


(0) 
Fig.,5. Typical pressure records 
(a) (b) 
Soft roller Compressed Rubber layer on 
cotton metal shell 
Indicated roller loading 1550 220 
([b/linear in.) 
Roller speed (ft/min) 7 7 
Pin height (in.) —0-15 =—0=05=« 10=¢ 
Amplifier calibration trace ‘ 
separations (1b) 20:5 TAS 
Recorded peak load (Ib on pin) 70-0 5:9 
= (lb/in.2) 4480 380 
Time marker period (ms) 80 80 
Position marker ‘horizontal 
separations (in.) 0-202 0-202 
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rubber covering on a metal shell. The slope of the base line 
in Fig. 5(5) represents a true variation in response of the 
photocell with rotation of the roller; it is due partly to 
polarization of the light from the source and partly to polari- 
zation sensitivity in the cell itself. The effect is a very small 
fraction of the mean value of the standing light, and it has 
not been found possible to reduce it significantly. The 
curvature of the calibration traces is due to the curvature of 
the cathode-ray tube screen affecting the linearity of photo- 
graphic reproduction. 


EFFECT OF HEIGHT OF THE PRESSURE PIN 


It has been found that the height of the pin has a pronounced 
effect on the magnitude of the pressure record obtained. 
Fig. 6 shows a plot of recorded peak load against pin height, 
and it will be seen that for a small range of pin height about 


pressure trace (Ib) 


Load on pin at peak of 


20 
O 


Oe 2S as 
Set height of pressure pin (x |O7in.) 


1955 EL Oar Or O 


Fig. 6. Plot of peak recorded load against set height of 
pressure pin at a given roller loading 


Each point is the mean of five records. 
zero the relationship is effectively linear. The pin height on 


this graph is the height to which the face of the pin is set, 
relative to the roller surface, before each set of pressure 


Comparison of loads per linear inch 5) 


ane probable errors in the recorded measurements with the pin are increased in the corrected curves because of the relatively ea | 
fate Srors in the determination of « and m. The errors in the pressure gauge measurements are affected considerably at : 
ower loads by the reading accuracy of the gauge; pistons of smaller area were used in sets I, III and IV than in II, V, VI 


and VII. © The value of « is 5-5 x 10-6 in./Ib. 


measurements. The heights were measured with a dial gauge 
and are the means of readings taken before and after each | 
set of measurements; they are repeatable to 0-1 x 10-3 in. 
This variation of recorded peak load with pin height means Wy 
that any depression of the pin under load will result in a ¥ 
distorted picture of the pressure distribution, and the effect 
may well be appreciable. a 
In addition to increasing the height of the pressure curve, oF 
an increase in pin height increases the base length of the curve jj 
(owing to earlier contact of the pin with the soft roller), but § 
this second effect is very small and may be neglected. Further- 
more, inspection of the curves recorded at different pin % 
heights showed that the general shape of the curves is not § 
affected by pin height in the small region about zero height. dN 
All the pressure curves recorded with a given roller loading 
can then be regarded as being on the same base and having | 
the same general shape, differing from one another only in a }| 
vertical scale factor. As shown in Fig. 6, this scale factor } 
varies linearly with the height of the pin. With this infor- jf 
mation it is possible to arrive at a correction for the effect of | 
pin compression. Details of the correction are given in the f 
appendix; the result is the following equation: a 


Pf(x) = pob(d[1 — xmg(x)]-} ay 


where 


f (x) is the normalized true pressure distribution function, * 

f(x) is the normalized recorded pressure distribution ) 
function, a8 

P is the true peak pressure, : 

Do is the recorded peak pressure with the pin set to zero 

height, 

« is the compressibility of the pin assembly, we: 

and mis the slope of the straight line relating recorded peak § 

load and pin height. : 


The value of « is determined from direct tests on the pin | 
using the static loading system; the measured value of } 
5-5 x 10-®in. depression per pound load on the pin is in } 
good agreement with the value calculated from the com- 
pressibilities of the various units of the pin assembly. The 4 
values of py and m are obtained for each set of measurements | 
from a curve similar to that shown in Fig. 6, and the correc- | 
tion is applied point by point to the recorded pressure curve. 
The result of such a correction is indicated in Fig. 7 which } 


Load per linear inch aT 
Jin. . oy 


Recorded peak A B (3 =| 
pressure for Value o Value o From =| 
zero pin slope correction Corrected peak From From essure ail 
Soft r oller he ig ht m factor Pesan ? eearded sepesied ae on Ratio ot 
composition (lb/in.?) (/b/in.) am (/b/in.?) curve curve hydraulic line B/C 4 . 
Rabie ore. at a oe = (270) 125+ 5° (125+ 5) 135+10 0-93 +0-08 | 
aneimnelal ee a = 3-6 x a — (415) 235 10) 2235" 10) 2102 30 Pale 0:16 
shell . 5 6:0 x 108 0-03 1) 460 + 15° 470 + 15 445.4 15. 1-05: + 0-Ox@ 
915 Le eA 0-04 955 665 +20 690+25 670+15 1:03 + 0:04" 

ee x a 4-9 x 10% 0:27 4650 630 +20 820+ 45 880+ 50 0-93 + 0-07 
en = 800 4:3.x 104 0-24 6300 1250 + 40 1550 + 70 1600 + 50 0°97 + 0-06 
5800 6:0 x 10 0:33 8650 1640 + 50 2220 + 130 2350 +60 0:95 + 0:06 
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lhows the pressure distribution 
tecord. 

The reliability of the apparatus and of the correction 
Hormula can be tested by comparing the integrated area 
inder the corrected curve with the load per linear inch on the 


lOO 


of which Fig. 5(a) is one 


TS © 
O O 
Equivalent pressure (x IO? |b/in?) 
WG hw o~ 


NR 


Load on pin (Ib) 
BS 
O 


nm 
O 


direction of rolling 


O O Ree WS) 
O:2 O:] - O'| O:2in. 
Fig. 7. Recorded and corrected pressure distributions 


These distributions correspond to the photograph shown in 
I Pig. S(a) and to set VI of the measurements in the table. 


=p (this load is simply the total roller loading divided by the 
ragth of the nip). A series of results is shown in the table, 
td satisfactory agreement is obtained in view of the errors 
. the system. The probable errors in the pressure curves 
-ise largely from errors in « and m, neither of which can be 
scasured with accuracy: the error in the product of the two 
about +20%. 
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APPENDIX 


9 


Correction for depression of pin under load 


\It is assumed that an “‘ideal’’ pin, having the same com- 
sessibility as the roller, would record the true distribution 
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Measurement of the Pressure distribution between rollers in contact 


if set with its surface flush with the roller surface, and also 
that the real pin, although it records a pressure distribution 
differing from the true one, has a negligible effect on the true 
distribution; the small size of the pin makes this assumption 
reasonable. 


Let x denote position through the nip; then the true pressure 
distribution may be written as 


L(x) = Pf(x) (3) 
and the actually recorded distribution as 
T(x, H) = Pu Px, Hf) (4) 


where # is the set height of the pin. Since the pin is com- 
pressible it will not remain at this height under load. 

The experimentally observed facts, on which the correction 
is based, are as follows: 

(1) The recorded peak load has a linear relationship with 
set pin height 


Py = mH + po (5) 


(2) The shape of the recorded pressure curve is independent 
of the set pin height. Equation (4) may thus be written 


Lys ED), = Pp OCx) 


since the function ¢ is independent of H. 

Now consider the pin at any point in the nip; the pin 
depresses under load to a height A relative to the roller 
surface, and it records the load [,,. The depression H-h is 
the difference between the true depression of the pin and the 
depression of adjacent parts of the roller surface. It is safe 
to assume that in the present apparatus the depression, of the 
roller is always negligible, and we may write 


(6) 


Ah = aly, (7) 
where « is the compressibility of the pin assembly. 

Now the pin is in equilibrium, at this point in the nip, at 
the height 4. The load it records is therefore that which 
would be recorded by an ideal pin set to this height. Setting 
h equal to zero we obtain the condition that, at this particular 
point, the recorded load shall equal the true load; that is, 
ly =L for H =aly. The problem is thus effectively to 
find for each point in the nip the load corresponding to the 
value of H such that under load the pin shall depress to a 
position flush with the roller face. 

We have, from equations (5) and (7), putting A = 0 


PH = amy + Po 
= amp y$(x) + po 
Hence Px = Pol [1 — amd(x)] (8) 
Putting L = Pf(x) = ly = pyh(x) we get: 
PX) = Poh(x)[1 — amd(x)]-! (9) 


which is the desired correction equation. 


NOTES AND 


a ene 


Correspondence : 


Thulium 170 for industrial radiography 


In his recently published paper“) R. Halmshaw states in the 
summary: ‘““The exact nature of the y-ray spectrum does not 
appear to be agreed and the absorption curves which have 
been obtained suggest the presence of some high energy 
radiation, probably due to Bremsstrahlung.” 

For the last two years published values have been in full 
agreement concerning the y-ray spectrum of !7°Tm; only one 
y-ray line exists and its energy is 84:1 keV. The y-rays at 
305 and 430 keV given in Table 1 of the paper do not exist; 
see Graham, Wolfson and Bell,® Hollander, Perlman and 
Seaborg,@) and more recently Pohm, Lewis, Talboy, and 
Jensen.4) According to Graham and others, only about 
3°% of the !7°Tm disintegrations give 84 keV y-ray photons 
while 5°% give Yb K X-ray photons at about 54 keV, and 17% 
give Yb Land M X-ray photons with energies less than 10 keV 


and some Auger electrons. There is also a weak, continuous | 


y-radiation, namely, the internal Bremsstrahlung. 

Furthermore, using the scintillation spectrometer method, 
we have investigated the spectral distribution and absolute 
amount of the internal and external Bremsstrahlung accom- 
panying the f-rays from 170Tm sources of various thick- 
nesses.©) For instance, for the source, used by Mr. 
Halmshaw, we estimate the composition of the electro- 
magnetic radiation, leaving the source with photon energies 
above 30 keV, to be about 10% 84 keV photons, 45 Yb 
and Tm K X-ray photons, and 45% Bremsstrahlung photons. 
The spectral distribution of this continuous Bremsstrahlung 
(maximum energy 968 keV) decreases rapidly with increasing 
energy; the mean energy is found to be almost independent 
of source thickness and equal to about 150-160 keV. 


Kurt LIDEN 
Nits STARFELT 


Department of Radiation Physics, 
University Hospital, 
Lund, Sweden. 


Unfortunately I had not seen Dr. Lidén’s paper at the time 
of writing my article on the use of 170Tm, and the work of 
Pohm and Lewis was noticed too late to be referenced. 

In spite of these papers and the data given by Williamson, 
Rossiter and Bentley thulium is still frequently referred to 
as emitting radiation of energy 0-084 MeV, and the harder 
radiation is not indicated. One of the purposes of my article 
was to emphasize the presence of this harder radiation and 
show its relative importance when thulium is used for 
industrial radiography. 

The high figure obtained by Drs. Lidén and Starfelt for 
Bremsstrahlung photons would appear to confirm my findings. 

Finally I would like to emphasize that 150-160 keV is not 
the same quality of energy as generated by an X-ray set 
operating at 150-160 kV (peak voltage), as is sometimes 
assumed. 


Armament Research and Development R. HALMSHAW 
Establishment, 
Woolwich, London. 
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Radiation from a hollow cylinder ae 


D. W. Stops“ has recently pointed out the value of treating ji 
problems of energy radiation and molecular flow by analogous /f 
methods. Consequently, the radiation emitted by a hollow 
cylinder, closed at one end, is considered here by a treatment 9 
which has already been applied to a molecular flow problem.® | 
This type of radiator is very frequently used as a black body | 
in high temperature measurements. a i 


The cylindrical : 


hollow cylinder, { 
closed at one 
end 


-— (| 


It has been shown) that (see figure) 


D(z) = dole) + be-a | O@erdz 
0 3 

1 i 

ne 3) D(z)e~F dz (II 


Z4 aq 
Where @(z,) is the total radiation emitted from the walls of 
a cylinder of length / and unit radius, from an annulus ol} 
width dz,, at height z, above the base of the cylinder; B is the} 
emissivity of the walls of the cylinder; and =| 

oz) =b + — Bae 6B 


The initial radiation emitted by the walls per unit area it 
unit time is b and the initial radiation emitted by the base 
per unit area in unit time is a. ol 


= 
Thus in the case of radiation 
b=BoT* and a=aoT4 (Stefan’s law) 
where T is the temperature of the cylinder in degrees Kelvi a} 
o is Stefan’s constant, and a is the emissivity of the cylinder’s) 
base. el 
It has also been shown®) that by differentiating the! 
equation (1) twice with respect to z,, we have a 


d?O(z,) 


or in general, putting z for z, 
3 d20(z) : 
a Be) = 8 @ 
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The solution of this differential equation is 


b 


A? 


O!(z) = Alezvb + Ble-zv8 ae 


| or O'(Z) = Ale?v8 + Ble-zv8 + oT4 


| A; and B, being arbitrary constants. 

f If A,, B, and M’(z) are expressed as fractions of o74 we 
|have 

O(z) = A,ezv8 + Bie~7zv8 + |} (4) 


When this solution is substituted back into the integral 
equation (1) two simultaneous equations for A, and B, are 
obtained. On solving these it is found that 


as d—vVA[d — 9) —-p)-a+ v/f)?elve] 


evel +/p2—d — V prev 8] (5a) 
3. - 2 + VAG — od — p) - Gd — VByte-'v 6] 
z (+ VB — (1 — /p)e-"ve un 
‘From reference (2) [equation (12)] 
i 
na = | O(z)e~2 dz (6) 


0 


rwhere n is the fraction of radiation which, after inter-reflexion 
pon the walls of the cylinder, is eventually reflected back onto 
anit area of the base. 


H 

Thus substituting the solution (4) in equation (6) 
Be es, 
A 

| 


+ 


A= = B, +1) (7) 
BM A Be 4/8 


But values of A, and B, have been found in terms of «, 
and /, therefore 


OS iice 


DB / 


eet | 47 P)2 


(@ — #0 — §)] —[d — Vp)? —d — (1 — B)]Je-2/v8 — 4y/Be-'ve 


Correspondence 


we obtain two simultaneous equations in A, and B;. Solving 
these equations we find that 


A. 2 = BA = +/Bye-2v6 

3 (i ae / B)? ay al oe / B)2e—2Ive 
pons o(1 — 8) + 4/8) 

3 a aE vV/ B)? at al a 4/ p)te—2ve 


But from equation (6) 


(11a) 


(115) 


I 
hos | D(z)e~2dz 
ow 
0 


where (z) is given by equation (10). 


On performing the 
integration we see that 


ere Y 
t ey: LAr eG: 
Substituting for 4; and B; 
cai ee 2y/e 
a (i — By — e-2/ve) (13) 


CABS (l= V/ Bre ve 


Now radiation of amount « leaves unit area of the base 
initially in unit time and an amount of radiation n« returns 
after inter-reflexion, of this radiation (1 — «)nx is reflected 
again per unit area. Thus n‘(1 — «nx radiation returns 
again and hence (1 — «)n‘(1 — «)nq is reflected per unit area. 

After another set of inter-reflexions and reflexion from 
base, an amount (1 — a)n’ of (1 — a)n’(1 — «)nx leaves the 
base per unit area, etc. 

If Do is the final total distribution of the radiation leaving 
the base per unit area in unit time, 


Oj =a + 


ana + (1 — «)2nn’a 


ar enna, Soy Oe 


Lae 


| Initially radiation of value « leaves unit area of the base 
n unit time (Since we are expressing a as a fraction of 


O5-= 14 


a (Vp — 0 — vV/pye2e 


(8) 


Substituting for n and n’ with equations (8) and (13) 
respectively, we have, on simplifying 


(1 — a)4y/Be-lve 


(14) 


{@=00d =p 
pT*), of which radiation of value nx returns after inter- 
yeflexion. 

| Thus radiation of (1 — «)na is again reflected from the base 
er unit area. : 

| Let radiation n’ of (1 — a)na return after another set of 
inter-reflexions with the cylinder’s walls. This is a pure set 
pf reflexions in which we are not concerned with emission 
irom the walls. Thus b = 0. Hence n’ may be found as a 
lolution of the integral equation (1) where 


doz) = (1 — P)tae-? 


Equations (i) and (9) give rise to the differential equation 


d*O(z) _ 
da Ag. 


' nd the solution is of the form 


t 


(9) 


(+/p"]-[d—»d -pf) —d 
This is the expression for the radiation of the cylinder’s 
base. If the base and wall are made of the same material of © 

emissivity « say, puta = 8B =e. Then 


N/R) a2 ee 


®) =1+ 
4y/e(1 — e)e/vb 
[d—9- a+ Voy —[d = a 


v/€)2]e-2/ve 
(15) 


The above expression is identical to that which has already 
been obtained by Buckley®) by a different method of 
approach. ; 

In order to calculate the actual distribution ©’’(z) on the 
walls of the cylinder, it must be remembered that the 
“apparent” emission from the base is O,o7T4 not a«oT4. 
Thus « must be replaced by ®y in the expressions for A, 
and B). 


] : O(z) — Ay e7v'B + B; e-ZzVv8 (10) 
| Thus on substituting back into the integral equation (1) Thus @”"(z) = A,ezv8 + Bye~2zv8 + 1 (16) 
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where 
gta (d — /B[G — Pd — B) —G + /pyelv®] Sess 
SV meV El (ste A/-B) ee le V pyre 2! 8] 
and 
B Ud +/pd — ® yd — B)- a — VBye*] 
4 


C+ Vp =O Vv pre 


(17b) 
Substituting for Oy given by equation (14) and simplifying 


ops ean ve) =a =a =VBI (gq) 
and 

pea oes Bae +8) -C—VBI Ges) 
where 

D=[G —a@ — B) -d + VBy’] 


4/B)2e-2Ive (19) 


(Go) dp) 0 


New books . 


Having regard to the wealth of valuable information that i 


X-ray diffraction procedures for polycrystalline and amorphous 
materials. By H. P. KLuG and L. E. ALEXANDER. (New 
York: John Wiley and Sons, Inc., 1954; London: 
Chapman and Hall Ltd.) Pp. xiv + 716. Price 120s. 


One responsibility that a reviewer often undertakes is to 
compare a new publication with previous books covering 
similar ground. In spite of the great practical importance of 
X-ray diffraction by powders and polycrystalline substances 
however, no other book is available at present which attempts 
such a detailed survey of the subject, though as it happens 
the reviewer has himself been connected with the preparation 
of a book recently published with a very similar title.* 

Messrs. Klug and Alexander are well-known figures in the 
X-ray diffraction sphere and have made many original 
contributions of their own to the X-ray study of powders. 
They remark in their preface that the book is the “‘outgrowth 
of more than twenty-five years of research and teaching of 
X-ray diffraction and a varied consulting experience.” Thus 
we are led to expect an authoritative and expert treatment of 
the subject, and broadly speaking this is what we obtain. 

The scope of the book is deliberately confined to poly- 
crystalline and amorphous materials and no attempt is made 
to include matter about single-crystal analysis. Even so, the 
volume is of very considerable size. Basic introductions to 
elementary crystallography, the properties and production of 
X-rays, and the principles of X-ray diffraction are provided 
in the first three chapters. Next the various techniques of 
examining polycrystalline substances are described. The 
chapter on the diffractometer technique (in the book it has 
been thought advisable to retain the use of the ‘unnatural 
designation ‘X-ray spectrometer”) is of special interest 
because of the authors’ own contributions in this field. 
Later chapters embrace the subjects of interpretation, 
qualitative and quantitative analysis, precision _ lattice- 
parameter measurements, crystallite-size determination from 
line broadening, preferred orientation, and radial distribution 
analysis. Small-angle scattering and long spacings are not 
forgotten and hints about the lay-out of an X-ray diffraction 
laboratory and the handling of film are included in an 
Appendix. 


* Pgiser, H. S., Rooxssy, H. P., and Wirson, A. J.C. X-ray 
diffraction by polycrystalline materials (London: The Institute of 
Physics, 1955). 
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Thus the wall distribution of radiation of the cylinder is 
given by equation (10) whose constants A, and By, are given 
in terms of «, B and / above. 
agreement with Buckley.3) When comparing the result of 
Buckley and the writer’s result it should be realized that 
Buckley measures his distances from the open end of the 
cylinder, while the writer measures 
opposite end. 


Department of Natural Philosophy, M. G. ROSSMANN 
The Royal Technical College, 


Glasgow, C.1. 
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this book does contain, it may appear a little ungrateful to 


draw attention to items that have received only scant treat- f 
ment, Nevertheless many will think that microbeam tech- | 
niques, in view of their growing practical importance, deserve © 
more than the few paragraphs they are awarded. The #f 


microfocus tube is merely given a literature reference. The 


discussion of high- and low-temperature techniques is also } 
rather less than adequate, and the omission of all but a 
paragraph or two on organic fibre patterns is excused on the & 
grounds that the analysis of them depends on single-crystal 5 
techniques. Although a very full account of lattice-parameter & 


eeriad 


This is again in complete 


his distances from the © 


measurement is given, and a helpful tabulation of the possible # 


methods appears on p. 488, many will feel that the authors | 
are not sufficiently critical of the exaggerated claims for high & 


accuracy that are made in some quarters. 


These are, however, very minor criticisms of an excellent if 
The book is an admirable testimony to 4 
continued expansion in the use of X-ray diffraction techniques, # 
and it may be read with benefit by all those concerned directly if 
Although it is i 
expensive by British standards, the printing and binding are # 
of the very high quality that appears to be so effortlessly 


and interesting text. 


or indirectly with X-ray crystallography. 


maintained by the main American publishing houses. 
~H. P. ROOKSBY — 


Dynamical theory of crystal lattices. 
KUN HUANG. 
Press, 1954.) Pp. xii + 420. Price 50s. 


By MAx Born and 


It is just forty years since Max Born’s first book on the § 
dynamics of crystal lattices was published. Since that time F 
the subject has been extensively developed and the present } 
book may be regarded as a final account of the dynamic } 
The main 
(second) part of the book is divided into four sections. The § 
first of these is very general in nature and deals with the® 
general statistical mechanics of ideal lattices (with and with- | 
out external forces), leading to the electric polarizability and | 


properties of perfect non-conducting crystals. 


to the scattering of light. In the second section properties of 
long lattice waves are investigated. The third section deals 
with thermal and the fourth with optical properties. The. 
presentation of these sections is very elegant and often novel 
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(Oxford: London: Oxford University 


jut they require of the reader more than elementary mathe- 
matical knowledge. The book should nevertheless be also 
f great value to the reader with less mathematical knowledge 
ecause the main part is preceded by an elementary (first) 
art. The latter is subdivided into three sections dealing 
jith atomic forces, lattice vibrations and elasticity respec- 
ively. They also contain many references to experimental 
ta. The book can be highly recommended not only for 
5 excellent survey on the particular subject but also for the 
car presentation of important mathematical methods which 
nould be of use in other subjects as well. H. FROHLICH 


iotes on applied science No. 9. Measurements of pressure 
| with the mercury barometer. (London: H.M. Stationery 
Oitice- 1955.) Pp, iv -- 15. ‘Price 15. 


his pamphlet, prepared by the National Physical Laboratory, 
plains very clearly what is involved in the correct use of 
sercury barometers for measuring gas pressure. 

'It appears at an opportune time, since at the beginning of 
fe year new international barometer conventions for the 
Hfinitions of pressure units and for the standard instrumental 
pnditions were introduced. The essential features of the 
iw and Fortin types of barometer are described and concise 
Rt adequate instructions are given on installation, observa- 


It is good to see that the basic unit, the 
illibar, is strongly recommended in preference to the milli- 
Etre and inch of mercury for the expression of barometric 
essure. F. J. SCRASE 
2 design and analysis of industrial experiments. Edited by 
OWEN L. Davies, M.Sc., Ph.D. (Edinburgh: Oliver and 
Boyd, Ltd., 1954.) Pp. xii + 636. Price 63s. 


bis book is an outstanding contribution to the literature 
licerned with the use of statistical methods in industry 
sich has appeared since the end of the second world war. 
ne theme of the book is the efficient planning of industrial 
periments in the light of the statistical methods which were 
mirably treated in a book published in 1947.* Both books 
e been edited by Dr. Davies and are the work of teams 
jauthors not identical in membership. The new work is 
jambitious volume; it describes experimental designs which 
e been introduced quite recently. It is not concerned 
h the methods of statistics and the reader is frequently 
erred to the earlier book; advice that he should certainly 


Few industrial organizations are fortunate enough to have 
fteam of scientists and_ statisticians who could readily 
mprehend and utilize the more advanced designs contained 
ithe latter half of the volume. Readers who have had 
justrial experience in this experimental field may be inclined 
|the view that the more complicated experimental designs 
ve their pitfalls even for able and gifted workers, owing 
ithe length of time that would often be required to carry 
| experiment through in an industrial organization. How- 
Ir, these experienced readers will applaud the ability and 
icome the thoroughness with: which the compilation of this 
bk has been done. To appreciate its potential value it 
juld be recalled what a large proportion of British 

Strial effort is sustained by small organizations. - These 


Statistical methods in research and production. Edited by 
kN L. Davies. (Edinburgh: Oliver and Boyd, Ltd., 1947.) 
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small organizations produce large quantities of components 
used by others. The users expend much effort in inspecting 
the product supplied and they also suffer from inconvenience 
leading to increased manufacturing costs due either to delays 
caused by having to return unsuitable products or by the use 
of products not wholly satisfactory. 

5 If the principles laid down in Chapter 2, “The planning of 
“simple comparative experiments,” and in Chapter 4, “‘Investi- 
gation of sampling and testing methods,” were fully compre- 
hended and utilized there is no doubt ‘whatever that very 
considerable economies could be effected in production. 
Fortified with practical experience based on these two 
chapters, the worker in industry would pave the way for a 
study of the later chapters. More important still, he would 
place himself in the position to take advantage of the oppor- 
tunities provided to-day by open meetings in many important 
industrial centres to meet persons highly qualified in the use 
of statistical methods. 

The use of trained men in small organizations has increased 
considerably in recent years, but as the Editor points out in 
the Introduction, it is still true that most chemists and 
physicists graduate without a knowledge of statistical methods, 
and are often unaware of the value of such methods in their 
work. 

Readers having little acquaintance with the application of 
statistical methods should read the Introduction with care, 
particularly paragraph 1.2 on the nature and value of experi- 
mental design. The authors necessarily refer frequently to 
chemical processes, but the mode of thought which character- 
izes this book is of quite general application. 

The authors have again provided great assistance to the 
conscientious enquirer and student by including fully worked 
out examples in Appendices at the end of the chapters. 
Rarely are industrialists offered an investment which is 
capable of earning so large dividends. B. P. DUDDING 


Applied mass spectrometry. (London: The Institute of 
Petroleum, 1954.) Pp. vii + 333. Price 50s. 


The principles of mass spectroscopy were first enunciated in 
this country; but for too many years since Astor’s pioneer 
work they have found their development and application 
abroad. It is encouraging therefore to read in this report of 
papers presented at the Second conference of applied mass 
spectrometry (organized by The Institute of Petroleum last 
October) of some British progress employing this fruitful and 
expanding technique. Some contributions by overseas 
visitors are also included. 

The scope of the book is strictly limited. Some problems 
in hydrocarbon analysis are thoroughly discussed, including 
one complete section on the computing methods involved in 
the analysis of spectral data. Fundamental physical chemical 
investigations are described in a number of papers on free 
radicals and molecular structure. Only a few contributions 
go beyond these bounds. 

One section is devoted to instrument design; but small 
mention is made of two aspects of mass spectrometer develop- 
ment which will prove extremely useful in many fields of 
application. These are the ability of instruments to handle 
solid materials, and to attain high resolving power by the 
double focusing principle. No doubt the instrument 
designers will consider these points before the next conference. 

The discussions following each paper are well edited; and 
the book also contains a supplement to the useful biblio- 
graphy on mass spectrometry issued earlier, which brings it 
up to June 1953. K. I. MAYNE 
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Transistors, theory and applications. By ABRAHAM COBLENZ 
and Harry L. Owens. (London: McGraw-Hill Pub- 
lishing Co. Ltd., 1955.) Pp. xv + 313. Price 42s. 6d. 


This book is a valuable addition to the rapidly increasing 
literature of the subject. It is directed to technicians in the 
electronics field and makes provision, by way of commen- 
taries, for those whose knowledge of mathematics is restricted. 
The physicist must therefore expect to find the fundamentals 
of semiconductor physics treated in a comparatively simple 
manner, but he will probably agree that the exposition is 
clear, concise and stimulating. An account is given of the 
preparation of single-crystal germanium and silicon material 
and of the manufacturing processes by which crystal valve 
diodes and triodes are made from it. This account is as full 
-and up to date as could reasonably be expected. It should 
assist the readers to obtain a sympathetic understanding of the 
new devices which are available to them. The design and 
operation of transistor circuits is treated extensively with 
many practical examples. Some of this treatment is a little 
academic and, occasionally, the circuit values quoted should 
be treated with caution. There is no doubt, however, that 
this well-produced and illustrated book should successfully 
achieve its stated purpose of initiating technical people with 
varied backgrounds in electronics into this fascinating new 
subject. N. L. HARRIS 


Electroacoustics—the analysis of transduction, and its historical 
background. By PROFESSOR FREDERICK V. HUNT. 
(London: Chapman and Hall Ltd.; New York: John 
Wiley and Sons, Inc.; Cambridge, Mass.: Harvard 
University Press, 1954.) Pp. viii + 260. Price 48s. 


Professor Hunt has given us two distinct studies in this 
book (No. 5 in the Harvard monographs in applied science): 
both are excellent and may be read quite independently. 

In the first part, which occupies two-fifths of the whole, 
a complete historical survey is given of the origin and growth 
of electroacoustics and in it are described developments of 
the various aspects of the subject, such as the telegraph, 
telephone, echo ranging, control of frequency, the phono- 
graph, loud speakers, microphones. This section is a 
fascinating narrative and one enjoys the author’s style, the 
insights into personal relationships existing at the time and 
the descriptions of the patent wrangles that have occurred: 
a nice sense of humour of the author adds much to the 
pleasure of reading. At the same time the work is well 
documented with references to papers, patents and private 
correspondence, 250 in all. 

The technical part of the book comprises analytical studies 
of some of the major subdivisions enumerated above, all 
treated in a manner which shows the fundamental similarities 
between them. All these transducer types can be repre- 
sented by the same form of equivalent circuit. As indicated 
by the title, the author does not go beyond these analyses 
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- fibre length to the measurement of fabric strength, wearing |] 


2 3 


and the book is the better for not continuing into practical 
applications, descriptions of various makers’ products and 


the like. Altogether it is a work to be recommended. 
A. J. MADDOCK 
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Wool research 1918-1954. Volume 3—Testing and control. , 


(Leeds: Wool Industries Research Association, 1955.) 0 
Pp. v + 227. Price 25s. . | 


This volume deals with testing for controlled purposes from } 
the fibre to the finished fabric—from the determination of} 


properties, air permeability and shrinkage. The book is, | 
however, more than a testing manual, for it summarizes the t 
research results and considerations which have led to the} 
adoption of appropriate techniques and the design of special | 
instruments. References to the original papers are given. | 

Textile fibres and their products are variable, and measures 
of the variabilities of their properties are often as important} 
as average values. Methods of sampling the materials and of|f 
analysing the results of tests are therefore subjects of first! 


rovings. : 

The scope of this book and the method of presentation }j 
including the liberal use of graphs, nomograms, a 
tions, will enable the textile reader to understand the basic 
principles of the methods recommended. Those who lack’ 
knowledge of wool technology need not be deterred from} 
reading this book. They will find it of general interest and o} 
importance as an illustration of the way in which the work 0} 


Price 25s. Od. 


This report gives the results of the vast amount of worl 
carried out by Mr. Frith on the fatigue properties of allo] 
steels (mainly nickel-chromium—molybdenum and carbon} 
chromium steels) heat treated to different ranges of tensil | 
strengths and made by different melting procedures. - I 
main conclusions are that the fatigue properties of the steel | 
are not improved when they are heat treated to above abou} 
60 tons/in? tensile strength, and may even be reducec 
especially in the transverse direction. Steels made by certai! 
procedures, e.g. the neutral open hearth, gave better fatigu| 
properties than others and an attempt was made to explai | 
this by the nature, form and size of the non-metallic inclusion} 
present in the steels. 3] 


It deals with all branches of applied physics (including theory and technique). 
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LIST OF SYMBOLS 


fuel particle effective diameter [L] 
carbon channel effective diameter [L] 
diffusion coefficient assumed to be the same 
for oxygen, carbon monoxide and carbon 
dioxide in nitrogen [L2/T] 
gravitational acceleration [L/T?] 
ree group used as transport parameter by Thring _[1/Z] 
length of path through fuel bed [LZ] 
mass air flow per unit bed area per unit 
time [M/L2T] 
pressure drop across fuel bed [M/L?] 
Reynolds number ee 
Schmidt number = 
bed depth in characteristic units = o/ [L/L] 
air velocity through carbon channels [L/T] 
proportion of oxygen collisions with carbon 
surface, which yield carbon monoxide = 
general symbol for transport parameter [1/ZL] 
transport parameter-used by Silver [1/L] 
fractional voidage sae 
coefficient of absolute viscosity [M/LT] 
number of channels per unit area of bed _[I /L7] 
density of air [M/L?] 
1. INTRODUCTION 


Hecent years there has been considerable interest in the 
bibilities of developing theories of combustion based on 
is transfer ideas. Papers by Nusselt,“) by Tu, Davis and 
ftel,® by Thring,®) by Silver,” and by Spalding,“ are 
mples of that trend of interest. The purpose of the present 
mr is to clarify the general position reached as a result of 
h work, particularly in relation to combustion of carbon in 
lbeds. The clarification intended is not so much in regard 
juestions of agreement with experimental observation, as 
tive an account of the inter-relations between the more 
int theoretical approaches, and therefore a description of 
jexisting position of general theory. From some points 
view, questions of agreement with experiment are less 
ortant than clear appreciation of the theoretical position. 
- situation happens to be especially true in the field of 
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Considerable interest in the possibilities of developing theories of combustion based on mass 
transfer ideas has resulted in a number of attempts which are not immediately capable of 
comparison. The purpose of the present paper is to clarify the general position reached as a 
result of previously published work with particular reference to combustion of carbon in solid 
fuel beds, and to enumerate the points on which certain of the more recent approaches agree 
or differ theoretically. The papers so chosen by Thring, 
used not because these were thought to be exhaustive, nor necessarily final, but because each 
uses a different approach and is amenable to the process of intercomparison. In this way it is 
hoped that an improved appreciation of the general theory will facilitate further advance. In 
terms of this basic general theory a method of evaluating an accurate transport parameter to 
describe a live fuel bed is suggested as a logical beginning for further progress. 


Silver, and Spalding respectively are 


Our present interests, because the fact is that any theoretician 
can aline a range of experimental results with his theory by 
suitable choice of parameters. Now the practical situation is 
also that he is entitled to a choice of parameter because there 
are no independent sources of information regarding values 
of such relevant properties as thermal conductivity, viscosity, 
etc., at the temperatures and non-equilibrium conditions 
which occur in the combustion process. For these reasons 
it can be expected that further advances can only be made 
by clarification of theory, so that the different, or apparently 
different, current approaches can be merged into one logical 
and self-consistent approach. If one such general approach 
becomes available, and is logically satisfactory, there will 
then be no objection to the necessary choice of parameters to 
agree with experimental results, provided the range covered 
is comprehensive. 

In any theory of the type which we are discussing, the rates 
of change in the concentrations of calculated species require 
to be specified in terms of certain transport rates. We 
therefore have three main sources of difference between one 
author and another, namely: 


(a) Different sets of assumed chemical reactions. 
(b) Different qualitative sets of assumed physical processes. 


(c) Different arithmetical values for transport parameters, 
which should refer to the same physical processes. 


Since there are naturally many possibilities of individual 
differences in each of these three types, the total number of 
possible differences of approach and resultant theory and 
calculation is bewildering. The first object of the present 
paper is to indicate how some of the less important differences 
can be discounted in order to compare satisfactorily their 
essential points. : 

In choosing, for our discussion, the respective published 
theories of Thring, Silver, and Spalding, it is not suggested 
that these are exhaustive, nor that any one of them is neces- 
sarily correct, nor worked out yet to its best and final form. 
For the purposes of the present paper, we are taking the 
three theories just as they are published as examples with 
which to discuss the methods of inter-comparison. The 
clarification which this can give of general theoretical prin- 
ciples to be observed in the combustion field is a necessary 
preliminary to further advance. 
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2. THE ELIMINATION OF TYPE (Cc) DIFFERENCES; 
THE CHARACTERISTIC LENGTH IN A FIREBED 


It is suggested that it is primarily desirable to remove, if 
possible, all differences of type (c) which arise only from 
the choice of different transport parameters. These are 
necessarily extraneous to the formal body of theory, and 
differences in choice introduce confusion which may be quite 
unnecessary if the respective theories can be developed in a 
formal way without inclusion of specific values for such 
parameters. On examination of the general underlying con- 
cepts, it becomes apparent that such formal treatment is 
certainly possible, because all theories of this mass transfer 
type necessarily lead in the first place to gas concentrations 
(or composite functions equivalent to gas concentrations), 
expressed as functions of length of travel through the firebed. 
Moreover, it is also the case that in such functions the 
variable / representing the length of travel through the firebed, 
appears only in combination with, and multiplied by, a 
parameter arising from the transport parameters, and which 
has the dimensions of (length)~!, i.e. the product of this 
parameter by the path length is non-dimensional. Further- 
more, this is the only point in which the transport parameters 
enter. 

For example, according to Thring, the gas concentrations 
in a firebed are a function of the group K’//0-034 m, while 
Silver gives them as a function of a group f/. It is clear 
that K’/0:034 m in Thring is completely analogous to B in 
Silver, although the arithmetic values, which they indicate by 
their different choice of transport parameters and experi- 
ments, may be substantially different—in fact the former 
tends to be from two to three times the latter arithmetically. 

Again, Spalding finds the gas concentration to be a function 
of still another group of the same kind, his coefficient of / 
being different in form from both Thring’s and Silver’s, and 
also different in arithmetical value. 

It is therefore suggested that we are entitled to recognize, 
in the dimensionless product appearing in the different 
theories, merely different expressions for something which 
should really be identical in all the theories, and which is the 
characteristic independent variable of firebed phenomena. 
We are led to the belief that there must be one correct para- 
meter, which we may denote by «, having the dimensions of 
(length)—! such that the governing variable for the firebed is 
al. This quantity « will be dependent on particle size, on 
rate of air flow, on viscosity, and in general on the “‘flow 
field.” The different values which the above different authors 
have used in place of « have been derived by adopting 
different sets of non-combustion experimental results (or 
different interpretations thereof) for mass transfer data (see 
Section 4). It must be accepted that some of these must be 
wrong, both formally and numerically, and that only one of 
them may happen to be correct arithmetically. More 
probably none of them is correct, since we have no indepen- 
dent knowledge of transport parameters under the high- 
temperature and non-equilibrium conditions which occur in 
combustion. 

On this basis, the really important differences between 
different theories such as those of Thring, Spalding, and 
Silver, are that each derives entirely different gas concentra- 
tions as functions of «/. The fact that they have used different 
values of « is relatively ‘accidental,’ and unimportant from 
the standpoint of logical theory. They should all have used 
the same value. Since in all the functional expressions « 


appears only in the dimensionless group a/, it is not necessary - 


to choose any value of « in order to calculate gas concentra- 
tions, according to the different theories as functions of a/. 
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We need merely substitute a suitable numerical range of. 
between 0 and oo. ot 

This point was made to some extent in Silver’s paper wher! 
he gave his group f/ the symbol u, and showed that a fu | 
discussion of combustion problems could be made by coi 
sidering gas concentrations, firebed temperatures, etc., all ; 
functions of u, and emphasized that it was only when attemp | 
ing to translate values of wu into actual fuel bed depths thé) 
he had to decide on a method of evaluating his 8. From 1 
foregoing it is seen that this circumstance applies still mo 
generally, and we may therefore, for convenience in futur} 
discussion, use the same symbol uw to denote the more gener i 
group a. at 

It is clear that 1/« corresponds to some length dimensio} 
in the firebed, whose magnitude is governed by the compl 
of factors operating in the firebed field, i.e. particle siz 
packing, possibly shape, airflow rate, viscosity, etc. We maj 
think of 1/« as the characteristic length unit of the field, s 
that a length / as measured in ordinary units is actuall ah 
or u, characteristic units; what happens successively in _ 
firebed being dependent on the distance when expressed | 
these natural units. = 

The next step is to compare the results which differe 
theories give in terms of u, which will be quite independ 
of any errors which may have been made, or of differen 
which may have arisen, in choice of transport parameter 
i.e. ultimately of «. 


eee or mr 


3. INTER-COMPARISON OF THEORIES OF THRI NC) 
OF SPALDING, AND OF SILVER ah 


In Figs. 1, 2 and 3 are shown respectively the curves ¢: 
oxygen, carbon dioxide and carbon monoxide which @ 


O72 Concentration 


Fig. 1. Comparative oxygen concentrations as function 
Se | 
Thring . Bea 

Silver ei 
Spalding = 8 ------ | 


aforementioned authors are regarded as functions of tl . 
same argument uv. In the case of Silver’s theory which } 
general, we have to choose some particular value of x af 


entirely carbon dioxide. 
One major difference between the theories is shown 
Fig. 1 in that according to Silver the oxygen is asymptot 
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ro, whereas, according to the others, it vanishes in a 
2 length, namely, at vu = 1-14 for Spalding and u = 0-69 
pring. 
_ Fig. 2, the chief distinction is that Silver’s theory gives 
faooth carbon dioxide curve with a maximum of 74% 


ig. 2. Comparative carbon dioxide concentrations as 
functions of uw _ 
Thring — ++ 


Silver ee Sees 
Spalding@eseart = - es = rt = 


2on dioxide at u approximately equal to 1, whereas both 
png’s and Spalding’s give carbon dioxide curves with 
jsounced discontinuities. Thring’s shows a discontinuous 
pimum of 21% at u =0-69, and Spalding shows a dis- 
kinuous maximum of 13-1% at uw = 1-14. 

1 Fig. 3, Thring’s curve is distinct from the other two in 
cating no formation of carbon monoxide at all until 


fo) I 2 3 4 


lig. 3. Comparative carbon monoxide concentrations as 
functions of u 
Thring — ++ — 


Silver 
Spadina te ene == 


ir u =0-69. Both Silver and Spalding show formation 
tarbon monoxide right from the start, but Silver’s is a 
itinuous curve, while Spalding’s again has a discontinuity 


at u = 1-14 at which the carbon monoxide concentration is 
(Sie 

Another distinction between Silver and Spalding, however, 
is that Silver’s theory gives actual calculated values of carbon 
monoxide and carbon dioxide separately. Such separate 
values are not calculable on Spalding’s theory so long as 
oxygen is present, and he makes the arbitrary assumption 
that the concentrations of these two gases are equal. 

Naturally, for large values of u, the curves given by ail 
three authors tend to the same asymptote, 35°% of carbon 
monoxide. 

The curves of Figs. 1, 2 and°3, while very useful for formal 
comparison, are not directly comparable against experi- 
mental results since values of u are not directly known for 
experiment. There is, however, one method by which check 
against experiment can be made even without attempt to 
interpret uw in relation to firebed path length. The method 
consists in taking any one of the three combustion gases as 
independent variable, and plotting against it the values of © 
the other two read from Figs. 1, 2, and 3 for identical values 
of u. In Figs. 4 and 5 we have plotted in this way concentra- 
tions of oxygen against carbon dioxide and concentrations of 
carbon monoxide against carbon dioxide. The arrows on 
the curves indicate the direction of variation with direction 
through the firebed. 

Thus, suppose in an experiment the gas analysis at the point 
in the firebed gives 6°%% carbon dioxide. Fig. 4 shows that 


O2 Concentration 


On Ol 02 03 
CO Concentration 


Fig. 4. Comparative oxygen concentration at a given 
carbon dioxide concentration 
Thring —--—— 
Silver oo 
Spalding = ------ 


according to Thring the oxygen concentration should either 
be 15°% or zero; according to Spalding, either 11% or zero, 
and, according to Silver, either 13-27% or 3-1%. In each 
case the respective figures refer to a lower and a higher 
position, in a firebed through which gases ascend. Similarly, 
Fig. 5 shows that when a carbon dioxide concentration of 
6% is found, the carbon monoxide concentration should be, 
according to Thring, either zero or 25%; according to 
Spalding, either 6°% or 25%, and, according to Silver, either 
32% or 20°27. 

Hence, if sufficiently accurate experimental gas analysis 
from various positions in firebeds were available, it should 
be possible to discriminate to some extent between the validity 
of different theories even without knowing the actual values 
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of u. One difficulty which arises is, however, as pointed out 
by Silver, that it is very difficult to rely on the accuracy of 
firebed gas samples because of the high probability of some 
reaction between carbon monoxide and oxygen in the sampling 
tube, if these gases are simultaneously present. It is worth 
noting in this connexion that Thring’s curves in Figs. 4 and 5 
would be quite unaffected, since on no occasion, according 
to his theory, are carbon monoxide and oxygen simultaneously 


CO Concentration 


CO? Concentration 


Comparative carbon monoxide concentration at 
a given carbon dioxide concentration 
Thring 


Silver 
Spalding 


Fig. 5. 


present. On the other hand, both Silver and Spalding have 
carbon monoxide and oxygen simultaneously present, Silver 
at all times, and Spalding for part of the time, so that if 
sampling tube reaction occurs, the apparent experimental 
results would show disagreement with their theories even if 
the actual firebed conditions have been in agreement. Such 
experimental results would be displaced to the right, i.e. to- 
wards greater concentrations of carbon dioxide. It follows, 
therefore, that when the formal calculations of a theory have 
been made in this way, a comparison against experimental 
results can give the following amount of information. 


(a) If the experimental points when entered on graphs such 
as Figs. 4 and 5 lie to the right of the theoretical curve, 
the theory is not necessarily disproved but may be 
correct. 

(b) If the experimental points lie to the /eft of the theo- 
retical curve, the theory must be incorrect. 


4. RANGE OF VALUES OF @ 


The preceding section established in principle the possi- 
bility of inter-comparison of theories on a formal basis. In 
the long run, however, and for practical purposes, the cal- 
culations must be related to actual path lengths in a firebed; 
i.e. we must be able to give an arithmetic value to a as a 
number per foot or per centimetre. The purpose of this 
section is to illustrate how in fact different authors have 
used different values of «, the origins of these differences 
being quite distinct from and quite independent of the 
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chemical and qualitative physical assumptions in th 
respective theories. It is also hoped to show that, despite t 
different choices of «, there is sufficient common ground it 
suggest a basis of procedure for further work. 
The methods of correlating the transport parameter wit) 
the physical constants of the system under consideratio 
differ quite widely. We shall again exemplify with referent 
to the same three authors, Thring, Silver and Spalding. | = 
In Thring’s notation « = K’/0-034 m and K’ is evaluate)! 
on the basis of an empirical expression obtained by Gamson{ iy 
for correlating experimental data on mass transfer facoms i 


fixed beds. This yields 
102 21 — €)! 6S, 5 CRs )-0-41q-1 


Silver denotes his transport parameter by 8 and evaluates 

by equating the rate of momentum lost at the surface to thp 
frictional resistance of that surface. This is assumed 1 AD 
contribute to a total pressure drop in the form | 


2 
Ap = (1. + 261) 


He assumed that 8 could be obtained for streamline i } 
within a carbon channel by using the Poiseuille formt u ig 


This leads to 
= oie 


A subsidiary approach still using Silver’s main concepts, | 
to use experimentally determined pressure drop results, € 


for example those found by Ergun” which can be expresse 
in the form 


Noe ue 2, 34 42-08. 2B!) 


This gives « = 2-08 f. 

In his paper Spalding does not state explicitly how a 
evaluated his « but in a private communication indicated bil 
method which then yields 


c= ae (Sy 


It should be noted that in the treatments of Thring a any 
Spalding there is an explicit dependence on « the voidag , 
fraction. In Silver’s original treatment the concept of carboj) 
channels was used, the number of these per unit area bein) 
equated to the 2/3 power of the number of particles per uni j 
volume. This number v* per unit area of cross-section « 0: 
firebed is determined by counting the number of particle) 
and so can be readily evaluated. | 
For comparison purposes Silver’s formulae have 
written in the others’ notation as. 


@ ae \G ae 
“(Cees 


The expressions are therefore 


Ae (“Fe = eyb7is)= #2 \s : :| 


=0/429) 


Thring 
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liding Oe (- 7) ( = so oe fe 


» effect of these differences inherent in the transport para- 
bers mentioned above can be seen in the variation in 
inmetical values obtained for the same experimental 
‘ditions. Experimental conditions instanced by the three 
ors are listed below with their corresponding arithmetical 


i mple quoted by Thring Silver Spalding 
icle size (in.) 1-18 LES 7/5) 0-125 


ure CC) 1200 600 600 


#88 air flow (Ib ft~* s~!) 0-063 0-024 0-398 
idage fraction € 0-4 (a) (b) 0:4 
rer foot 6:9 (By og 45 


illustrate the differences most satisfactorily it is useful to 
itmine the value of « which each author’s method gives 
is for his own experimental conditions and for the con- 
-ons of the other two. These are shown in the following 
se which gives the values of « per foot. 


ory of Thring Silver Spalding 


(a (b) 

smple quoted by Thring 6-9 a atk 5-4 

Silver So) [FORy= B85) 3-4 
Spalding 67-5 20 41-6 45 


= is seen that for the same conditions, the estimated values 
= vary by as much as five to one. This situation is quite 
i;cceptable. Its existence reveals the futility of attempting 
| stimate the validity of a combustion theory by comparison 
'1 experimental observations in terms of firebed path 
leths. It is only if values of « could be specified with 
ich greater uniformity, acceptability, and accuracy that 
ih comparisons can hope to be fruitful. Until this can be 
ne, it would appear that the method of formal comparison 
lined in the previous section would be a preferable guide 
iievelopment of theory. 

he question arises as to whether there is any reason to 
Heve that any one of the above-mentioned four methods 
Wdetermining « is likely to be more correct than the other. 
would appear to be doubtful. Thring’s, Silver’s (6) and 
ilding’s values are all based on experimental results, to 
h of which must be accorded some validity. The ways in 
ich they are derived from the experimental results are 
ferent, but each way is logically plausible and not self- 
H ently incorrect. The most important point is, however, 
t for the reasons mentioned in Sections 1 and 2, it is very 
ibtful whether true values of «, which must be dependent 
ithe transport of material under non-equilibrium combustion 
ditions, can reasonably be expected to be derived from any 
leriments on cold packed beds. All the above authors 
te implicitly assumed that it was legitimate to derive values 
from.cold experiments although they have adjusted the 
lies of viscosity to suit supposed temperature conditions. 


a 
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In view of this situation, it is suggested that it may be more 
profitable in the long run to use a reverse method of approach 
in which the procedure would be as follows. Suppose that 
a series of accurate experimental results is available for gas 
composition at various points in a fuel bed, i.e. the con- 
centration of any of the three combustion gases has been 
experimentally determined as a function of path length. If 
a series of arbitrary values of « is assumed, the known experi- 
mental results for each of the combustion gases can be 
translated into a family of curves for each combustion gas, 
since by multiplying a known path lengih by the assumed 
values of a a series of values of u will be obtained. Thus 
for each gas we obtain a family of curves in which the con- 
centration is shown against wu. In this form the predicted 
theoretical curve can be shown upon the same graph and it 
will be possible to see directly whether its form agrees with 
the general form of the family derived from the experimental 
results and, if so, to see whether any one particular member 
of the family is in close agreement with the theoretical curve. 
If this is so, the value of « corresponding to that member 
of the family will be indicated as relevant. This procedure 
can be carried out for the three combustion gases and a 
further criterion of judgment will be that not only must a 
member of each family agree closely with the corresponding 
theoretical curve for the particular gas, but the indicated 
values of « from the three different gases should be equal or 
nearly so. If this is found to be the case, then there will be 
very good reason to believe that the theory is correct, and 
the value of « can then be regarded as inductively established. 
If such agreement is not possible, then the theory must be 
suspect. 

If, by such means, an acceptable theory is found, it should 
then be investigated over many different experimental con- 
ditions to see if formal agreement in all respects is continued, 
and, if so, to derive by the above means the various values 
of «. In this way it will be possible to establish the way in 
which « does actually vary with particle diameter, rate of 
air flow, etc. 
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Changes in the structure of oxide cathodes at high temperatures 
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Electric Co., Ltd., Wembley, Middlesex 


By H. P. Rooxssy, B.Sc., 


[Paper first received 6 April, and in final form 27 April, 1955] 


The effect of heat treatment on barium oxide and strontium oxide thermionic cathodes has been 
Crystal growth in these cathodes has been studied by a 
It has been shown that in the temperature range 900-1 150° c, 
crystallites of barium oxide between 2 and 5m in size are normally developed. This size is 
considerably greater than had been estimated previously by X-ray line broadening methods. 
Similar sizes develop in strontium oxide in the temperature range 1100-12502 C. 

It has also been found that in both oxides a gradual decrease in the structure-cell dimensions 
takes place with increasing temperature of heating in a vacuum. 
progressive increase in the numbers of defects in the lattice and, in the case of barium oxide, 
appears to correspond with the process of thermionic activation. 


examined by X-ray diffraction methods. 
simple microbeam technique. 


Recent studies by Yamaka“) on the alkaline earth oxide 
coatings of thermionic cathodes have indicated average 
crystallite dimensions in the order 0-1. Yamaka used 
X-ray line broadening phenomena as a measure of the 
crystal dimensions, and suggested that the changes of X-ray 
reflexion definition with heat-treatment temperature provided 
evidence about crystal growth. This X-ray method of 
assessment of crystal size, however, is open to criticism on 
the grounds that there are other factors besides small crystal 
size that contribute to X-ray line broadening. With solid 
solutions, for example, such as exist in the alkaline earth 
oxide systems used as cathode coatings, some point-to-point 
variability in composition may be expected, and its contri- 
bution to X-ray line broadening would be difficult or im- 
possible to separate from that due to particle size. 

In this paper a more direct assessment of the textural 
character of oxide coatings has been made by using a micro- 
beam technique. By a simple reduction of the X-ray beam 
to a diameter of about 50, as compared with the more 
usual 500 jz, resolution on the X-ray diffraction pattern has 
been improved so that reflexions from individual crystallites 
have become distinguishable. Ambiguities in interpretation, 
such as arise in the line-broadening method, are thus com- 
pletely eliminated. The method is analogous to that developed 
by Hirsch and others} for the study of textural detail in 
metals on plastic deformation. 

In parallel with the evaluation of crystal size, it has been 
found possible to measure the lattice parameters of pure 
barium and strontium oxides with considerable accuracy, 
and as a result it has been discovered that the mean inter- 
atomic distances alter on heating at high temperatures in a 
vacuum. Both results are of considerable importance in the 
development of an understanding of the thermionic properties 
of barium oxide and related oxide coatings. 


EXPERIMENTAL PROCEDURE 


The samples examined were mainly in the form of oxide 
coated box-type nickel cathodes, which had been processed 
in experimental diodes. The oxide coating is sprayed on to 
the nickel base in the form of carbonate, this being subse- 
quently heated in a vacuum at various temperatures. The 


sample cathodes had been prepared in the course of the . 


thermionic investigations described elsewhere by Wright.“ 
Since the alkaline earth oxides, particularly barium and 


Zid, 


This change is attributed to a 


strontium oxides, take up moisture and carbon dioxide ve} 
quickly on exposure to the atmosphere, the method develops)! 
by Eisenstein) of opening the diode in a nitrogen-filled bq 
and overcoating the cathode specimen with wax to preve> 
weathering was adopted. This was successful in preservil 
the barium oxide specimens for a period sufficiently long fj 
take the required X-ray diffraction patterns. With strontiu 
oxide and solid solutions containing only about 50 mol} 
per cent of barium oxide the wax was effective for sever): 
weeks. i 
The X-ray diffraction examinations were made in ty, 
different ways. For the microbeam investigation a | 


diameter lead-glass collimator was used, and the distan) 
from specimen-to-film fixed at 2:5 cm. Reflexion patterns we |: 
obtained with the X-ray beam incident at an angle ) 
approximately 10° on the flat cathode surface. Strong smoo}/ 
rings for the paraffin wax appear on each pattern, but tl) 
reflexions for the alkaline earth oxide generally showed } 
detectable degree of spottiness. Unfiltered CuK« radiatic® 
was used. | 

In addition to the microbeam photographs, diffractic 
patterns were also taken in a Straumanis-type 11-46 c¢): 
diameter camera. No special collimation of the X-ray bea 
was required in this case, since the patterns were requir) 
primarily for lattice-parameter determinations. Both bac : 
reflexion and glancing-angle settings of the specimens we 
tried. a 


CRYSTALLITE SIZE OF BARIUM AND STRONTIU) 
OXIDE CATHODES 


Cathode processing schedules were chosen to compa 
oxides formed under several different conditions in the ranj} 
in which thermionic emission is usually measured. =| 

Barium oxide. Itis difficult to decompose barium carbona 
at a temperature much below 900° C, so the mildest treatme: 
given was 900°C for 15 min. Even at this comparative| 
low temperature the microbeam reflexion pattern shoy} 
spotty Debye-Scherrer rings. Numerical calculations bas¢ 
upon the number of spots in a ring show the crystal size 1 
be in the neighbourhood of 2 yw. The calculations have bes 
confirmed by obtaining reference patterns of powders who 
crystal sizes have been determined independently. 

Table 1 shows the effect of increasing severity of he 
treatment on the crystal size. Although other changes 
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ae are 
~~ 


7 


900° C 1150° C 


Fig. |. X-ray microbeam reflexion patterns of barium 
oxide cathodes 


_- 


. 


1030° C 1250° C 


Fig. 2. X-ray microbeam reflexion patterns of strontium 
oxide cathodes 


1030° C 
900° C 1S Ome 
1250° C 
Fig. 3. X-ray powder ring 51 for barium Fig. 4. X-ray powder rings 43 and 44 
oxide after heating in a vacuum at different for strontium oxide heated in a vacuum at 
temperatures different temperatures 
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Identification of materials by electron diffraction in the electron microscope 
By H. I. MATTHEWS, O.B.E., M.C., B.Sc., A.M.I.Mech.E., and H. WiLMAN, D.Sc., Ph.D., F.Inst.P. 


See pages 277-280 


Fig. 1. Pattern corresponding to zinc; Jens, Ze 


Pattern corresponding to zinc 
only slight orientation; 75 kV 


oxide, with some zinc 


Fig. 3. F.C. cubic pattern, corresponding 
to lead 


Fig. 4. Pattern due mainly to zinc, strongly 

orientated with (001) planes parallel to 

the substrate; also some zinc oxide and 

lead present; substrate inclined 15° from 
normal setting 
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‘Wiritum oxide, described below, take place, crystal growth 
yjes not occur to any noticeable extent until temperatures 
jjove 1100° C for relatively long periods of time are reached. 
Hien sizes of 5 to 10 uw develop. X-ray patterns of barium 
ide coatings heated at 900 and 1150°C respectively are 
impared in Fig. 1. 


| Table 1. X-ray data on barium oxide cathodes 
} | | Cathode No. Heat treatment Crystal size Lattice parameter 
: (uw) (A) 
11 900° C for 9 min 2 5 +5304 
7 960° C for 4 min 2 3829); 
6 1030° C for 2 min 2 5-528, 
1050° C for 30 min 
12 900° C for 9 min — SIs 
peu Ie 
1150° C for 6min 
10 HOO? C for > min. 5 5-526; 
1200° C for 5 min 
15 1100° C for 14 min 5 5:5265 
1150° C for 10 min 


980° C for 1h 


4;Unusually drastic growth of the oxide is promoted, how- 
yer, when the carbonate is decomposed by raising its tem- 
Yeature rapidly to 1150°C or more. Crystals of barium 
‘eide as large as 50 uw are found. The most likely explanation 
| this extreme condition is that, on heating to high tem- 
rrature rapidly, fusion of barium carbonate occurs before 
“4tcomposition is complete. In that event the first-formed 
4 #/Sstallites of barium oxide can grow quickly in a flux of 
lten barium carbonate. This particularly rapid growth 
‘}s not been observed with the other alkaline earth oxide 
impositions investigated, and with such coatings conditions 
Sider which part of the carbonate may fuse are probably 
‘hlikely to arise. 

Apart from this unusual growth, the results show that the 
‘res of barium oxide crystals formed on cathodes subjected 
| more ordinary processing conditions fall in the range 
ito 5x. The values are thus several times larger than those 
timated by Yamaka, and it appears that X-ray line broaden- 
lig does not give a true measure of crystal size, in these 
bxide”’ cathodes. 

{Strontium oxide. Table 2 shows the effect on crystal size 
| increasing severity of heat treatment. As would be 
yipected from the more refractory character of strontium 
tide, the sizes developed at temperatures below 1100° C 
}e considerably smaller than for barium oxide. Individual 
ots cannot be distinguished, for example, on the microbeam 
Vittern for strontium oxide heated at 1030°C for 15 min 
jig. 2). Indeed, for very short periods of heating below 
"00° C reflexion broadening phenomena show small cry- 
A llites no larger than 0-1 p; the first example in Table 2 
; } of such a strontium oxide specimen. 

“JAt higher temperatures substantial crystal growth does 
Hicur, though even prolonged heating at 1200° C does not 
‘\duce growth much above 2. Still higher temperatures 
‘huld not be used with safety on the cathode devices, since 
‘e heaters generally burn out after a minute or two at 
50° C. One specimen was, however, maintained at 1250° C 
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for 4 min and further crystal growth to a size near 5 p is 
indicated (Fig. 2). 


LATTICE PARAMETER CHANGES IN BARIUM AND 
STRONTIUM OXIDES 


There is no novelty about the basic crystal structure of 
barium and strontium oxides. The oxides possess the face- 
centred cubic, sodium chloride type, crystal structure and 
lattice parameters of approximately 5-53 A for barium oxide 
and 5:16A for strontium oxide have been recorded by 
several observers.) In the course of the present studies of 
barium oxide cathodes subjected to various heat treatments, 
however, the somewhat unexpected result became apparent 
that the lattice parameter of the barium oxide was not 
constant but depended upon the thermal history of the cathode. 
Indeed, under most conditions of preparation, barium oxide 
cathodes give X-ray powder photographs, the lines of which 
are perceptibly broadened; the investigations have shown that 
this line broadening originates with point-to-point or crystal- 
to-crystal variations in lattice parameter. 


Table 2. X-ray data on strontium oxide cathodes 
Cathode No. Feat treatment Crysial size Lattice parameter 
w) A 
8 (LORE fore 2 mim ays Ol — 
6 900° C for 4 min 0:5 5-1616 
+ 
1100° C for 1 min 
3 900° C for 4 min O85 5-1613 
aL 
1100° C for 1 min 
+ 
1050° C for 14 min 
fo 1100° C for 15 min Ore 57159, 
5 900° C for 4 min 2 5-158 
1100° C for 1 min 
1200° C for 30 min 
9 1200° C for 54 min , Sel S75 
7 1250° C for 4 min 4 5-157; 
Variations in lattice parameter of barium oxide. It should 


be possible to measure the lattice parameter of barium oxide 
with considerable accuracy. On the X-ray Debye-Scherrer 
pattern with copper radiation, line 51 occurs at a Bragg angle 
of approximately 85°, so that with a Straumanis film arrange- 
ment the usual errors in lattice-parameter determinations 
become very small. Unfortunately, in the present measure- 
ments the possible accuracy is reduced because most of the 
cathode specimens give more or less broadened lines. 
Comparatively sharp lines were obtained on the X-ray 
diffraction pattern from a barium oxide cathode prepared by 
careful decomposition of the carbonate at 900° C (Fig. 3). 
From this the lattice parameter was calculated to be 
5-5304 + 0:0005 A. This is the maximum value obtained 
for any of the series of barium oxide preparations. As the 
temperature of processing was raised it was found that, in 
addition to some deterioration in line sharpness, the line 
position shifted progressively towards higher Bragg angles. 
Thus the mean lattice parameter decreases with increasing 
temperature. The magnitude of the changes is shown by the 
values listed in Table 2. Line 51 of the X-ray pattern of a 
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cathode heated at 1150° C is compared with the corresponding 
line from the 900° C specimen in Fig. 3. 

At the higher temperatures, 1150 and 1200° C for example, 
the time of heating probably also has an influence on the 
lattice changes. But this aspect has not been investigated in 
any detail. 

Such decreases in lattice spacings caused by heating in a 
vacuum reflect considerable perturbations of the atomic 
arrangement. They take place at temperatures at which the 
barium oxide is dissociating and beginning to volatilize. If 
in this way a number of defects in the structure are created, 
some change in the average interatomic distances may be 
expected. If an analogy with ferrous oxide is valid, the 
observed decrease in atomic spacings is consistent with a 
deficiency of barium atoms. Im ferrous oxides, in which the 
iron concentration can vary over a wide range below the 
stoichiometric amount, it has been shown that the lattice 
parameter decreases as the iron concentration decreases. 7) 

The observed X-ray line broadening is also explained by 
the lattice-parameter changes. The particular conditions 
under which the polycrystalline barium oxide specimens 
have been formed make it probable that the lattice distur- 
bances do not take place uniformly, as between one crystallite 
and another, or even throughout a given crystal fragment. 
Thus some variability in the mean interatomic distances will 
be likely, and this variability will manifest itself as X-ray line 
broadening. 

These changes in the barium oxide lattice have been shown 
by Wright’? to be an important factor in influencing the 
thermionic behaviour. A rise in thermionic emission from 
barium oxide cathodes occurs with increasing temperature of 
heating, and it is the development of the lattice defects 
described which appear to be primarily responsible for this 
rise. 

Variations in lattice parameter of strontium oxide. X-ray 
powder diffraction patterns of strontium oxide taken with 
copper radiation reveal lines 43 and 44 at Bragg angles 
near 80°, conveniently placed for moderately accurate lattice 
parameter determination. For strontium oxide cathodes 
processed at temperatures in the range 900 to 1100°C, 
measurements show the cubic structure cell to have an dp 
value of 5-1609 + 0:0005 A (see also Fig. 4). The crystallite 
size of the strontium oxide formed in this temperature range, 
as indicated by microbeam photographs, is not appreciably 
below 0-5 4, but for specimens given only a short heating 
the size is still lower, since there is noticeable broadening of 
the high-order lines 43 and 44. 

A decrease in structure-cell dimensions, as shown by the 
figures listed in Table 2, takes place on heating at 1200° C 
and above. The observed decrease is of the same order as 
was established for barium oxide. The short heat treatment 
at 1250°C gave a similar result to prolonged heating at 
1200° C. As previously mentioned, attempts to use more 
severe processing conditions with the present cathode devices 
had to be abandoned. 

As for barium oxide, the changes in the measured lattice 
parameter of strontium oxide entail some increase in 
variability of the lattice spacings, sufficient to give rise to 
perceptible X-ray line broadening. The effect is most mani- 
fest in the case of specimen 7 (Table 2), heated at the highest 
temperature. Even in this example, however, the effect 
remains much smaller than was found for barium oxide. 

Back-reflexion microbeam patterns suggest that reflexion 
spots from individual crystallites are not abnormally extended, 
but that they occur over a larger than usual angular range. 
If this is true, then the variability in lattice parameter arises 
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between one eeyatallne and its neighbours rather than wit ir 
a given crystallite. It has not so far proved possible t 
investigate barium oxide in a similar way. 


SUMMARY AND CONCLUSIONS 


The investigations have established that the average crysta 
size developed in a barium oxide cathode formed in the tem) 
perature range 900 to 1100° C lies between 2 and 5 pw. This 
is several times greater than the figure deduced by Yamaka™, 
from X-ray line-broadening measurements. A relatively} 
small increase in crystal size occurs with increase of tem: |} 
perature of heating. Excessive growth to sizes as large as 
50 or 100 » can be promoted, however, in the unusual cir: { 
cumstances in which too rapid heating leads to melting ¢ ols 
the original barium carbonate before decomposition | if 
complete. H 

Another significant effect is the progressive decrease in the! 
mean value of the interatomic spacings as the temperature|] 
of heating in a vacuum increases. This change, whict| c 
approaches 0:1°% at 1150-1200° C, appears to be associatecs 
with outward diffusion and evaporation of barium oxide 
from the crystallites, which partially disrupts the crysta% 
structure and leads to a considerable increase in the numbei} 
of defects. It is likely that this process corresponds witk'h 
development of a thermionically “‘active’’ state in the barium) : 
oxide coating. 4 

Similar observations have been made on strontium oxide x 
cathodes, but, as is to be expected, the temperature range ir§ 
which the lattice disturbances become apparent is con 
siderably higher than for barium oxide. Up to 1250° C, the! 
upper limit of temperature reached in the present work, the. 
maximum measured change in lattice spacing is 0- 07%) 
The maximum size of strontium oxide crystal observed ir) 
the temperature range investigated is about 4 pu. 

In the polycrystalline specimens studied the lattice changes 
induced by heating are not effected uniformly and homo- 
geneously. Ina given specimen there is thus a small variability] 
in the mean lattice parameters as between one crystallite 
and another, with the consequence that X-ray diffraction line! 
broadening will be observed under some experimental con-} 
ditions. This is one factor which must make X-ray line| 
broadening an unsatisfactory measure of crystallite size} 
and could account, at least in part, for the incorrect smal | 
values obtained by earlier workers. 4 
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material harder and less volatile than brass. 


appreciably from those in electron diffraction. 
though electron microscopes are still, in some ways, not 
efficient and versatile for diffraction as are electron 
fraction cameras, their use of a condenser lens to focus a 
rh-intensity beam on to a small area of specimen is often 
waluable feature, although not always desirable. In par- 
salar, this can often assist the identification of the com- 
‘nents in intimate mixtures of two or more materials. For 
3 purpose it is important to recognize, and preferably 
id, adventitious impurities, the pattern from which might 
wrongly attributed to the specimen under investigation. 
ss also sometimes necessary to make use of the relative 
: znsities of the diffractions, or to determine the lattice form 
i dimensions of the specimen material, as an aid to its 
ratification, and appropriate specimen mounting is then 
huired as described below. 


RECOGNITION AND AVOIDANCE OF IMPURITIES 


ilmpurities may arise in (i) preparation of the specimen 
| the substrate film; (ii) exposure of the specimen or film 
‘ring conveyance to the microscope; (iii) abrasion of the 
er wall of the specimen cap in the process of mounting 
jon the holder; (iv) contamination of specimen or film 
the microscope, particularly during exposure to the beam. 
xamples of type (i) are the avoidable traces of the greases 
waxes from finger-prints or inadequate cleaning of glass 
sels or tweezers.“) The main rings are the hkO diffractions 
the orthorhombic cell (a = 7:49, b = 4-97, c > 20A), 
ith net-plane spacings (d) of 4:19, 3-74, 2-48, 2-23, 2-07, 
87 A, etc. 

Sodium chloride (f.c. cubic with a = 5-628 kX) is another 
tquent but water-soluble impurity associated with finger- 
ints (or perspiration), also often present in appreciable 
fnount in chemicals of less than the highest grades of purity. 
The type of impurity (ii) includes products of reaction of 
& specimen with the atmosphere, for example, oxidation, 
(pecially in humid atmospheres; and sulphides or halides 
duced by exposure of thin films or particles of reactive 
ttals (silver, copper, etc.) to laboratory air containing 
drogen sulphide, sulphuric dioxide halogens or halogen 
ids. Plasticine (though not Apiezon “Q” compound) has 
appreciable sulphur content which rapidly forms sulphide 
ms on certain metals (e.g. copper) in its vicinity; and benzene 
hy contain enough thiophene to lead to rapid formation of 
phide films on copper immersed in it. If metal specimens 
ive been exposed to mercury vapour and amalgamation is 
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: H. I. Mattuews, O.B.E., M.C., B.Sc., A.M.I.Mech.E., and H. WILMAN, D.Sc., Ph.D., F.Inst.P., Chemical Engineering 
Department, Imperial College, London, S.W.7 


[Paper first received 2 March, and in final form 30 March, 1955] 


The recognition and avoidance of impurities are briefly discussed. It is shown that in the use of 
electron microscopes for the electron diffraction identification of specimen nature, the minute 
particles worn off the brass specimen holder during the mounting of the specimen sometimes 
give rise to deposits of zinc, zinc oxide and lead. Specimen holders should therefore be of a 


It is emphasized that in order to use diffraction intensities reliably for identification, or to 
assist in determination of lattice form and dimensions, patterns should be obtained with the 
specimen film inclined to the electron beam. In the identification of electron diffraction patterns 
valid use can be made of X-ray powder-pattern data, although the relative ring intensities differ 


suspected, it may be useful to compare the diffraction patterns 
obtained with those described by Aylmer, Finch and 
Fordham. 

Of the impurities originating in the microscope, type (iv), 
the contamination of the specimen which occurs as a pro- 
gressively thickening deposit (possibly carbon from the 
charring of the grease deposit) on it during its examination 
in the beam is probably the best known.@) We have now 
brought to light a further source of confusion which appears 
not to have been recognized before. Both in our own micro- 
scopes and elsewhere, we have found that the diffraction 
pattern of rings shown in Fig. 1. (p. 274) occurred sometimes, 
besides those which can be ascribed to the known nature of the 
specimens. These rings are mainly due to zinc, since all the 
strong ones correspond to a close-packed hexagonal structure 
with basal axis a = 2-66A and c/a = 1-86. In some cases 
the arcing of the rings, and their relative intensities, indicate 
that the zine crystals are orientated with the (001) plane 
parallel to the substrate film. Patterns such as Fig. 2 (p. 274) 
have only occasionally been noticed, and are evidently due 
mainly to zinc oxide, since the strongest rings correspond to a 
close-packed hexagonal structure with a—3-:24A and 
c/a = 1-60, the main additional rings being those of zinc. 

It is found that the zinc originates from small particles of 
brass which fall on to the specimen film when the cylindrical 
brass cap normally used slides on to the split end-cylinder of 
the specimen holder, which in our microscopes is made of 
stainless steel. The brass particles become heated by even 
short exposure to high beam intensity, to such en extent that 
the zinc vaporizes and condenses on the surrounding parts 
of the substrate film. Since it would be difficult to avoid 
such particles entirely when using brass caps sliding over the 
holder, it is concluded that both the caps and the holder 
should be made of some material harder and less volatile 
than brass. 

The zine oxide presumably arises when such zinc deposits 
are heated further by the beam for a sufficiently long period 
in the residual air in the evacuated apparatus. 

The pattern usually contains other rings of weak to medium 
intensity, which correspond to a face-centred cubic material 
with a = 4:95 A. This pattern is rarely found in the absence 
of the zinc pattern, as in Fig. 3 (p. 274). This is evidently due 
to lead, since extremely few materials are known having this 
size of f.c. cubic cell, and the ring intensities suggest that 
only one atom is associated with each lattice point. Chemical 
analysis of the brass caps has confirmed that they contain 
1-2% of lead. Lead is often added to brass to give free- 
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machining properties, the lead being present mainly as small 
globules separating the grains of the zinc-copper phase. 

Fig. 4 (p. 274) is from an inclined Formvar substrate ‘on 
which zinc had become deposited in the above way, and shows 
intense spotty arcs indicating zinc crystals with strong (001) 
orientation on the substrate, medium-strong spotty arcs due 
to (110)- or (111)-orientated lead (especially the innermost 
111 arc of radius 0:85 cm, and the 220 arc of radius 1-39 cm), 
and more diffuse weaker continuous arcs due to zinc oxide 
(100 almost coincident with the lead 111 arc, 110 at 1:50 cm 
radius, and 200 at 1-74 cm within the zinc 110 ring). 


PROCEDURE FOR IDENTIFICATION OF MATERIALS 
FROM THEIR ELECTRON DIFFRACTION PATTERN 


Specimens formed on the supporting substrate by con- 
densation, by crystallization from solution, or by adsorption 
usually show more or less strong orientation with a densely 
populated net plane parallel to the substrate. The ring 
pattern obtained with the beam normal to the substrate thus 
often differs much from that from the random crystals, some 
rings being abnormally weak or even absent. 

To detect whether or not the pattern is affected in this 
way it is necessary to obtain patterns with the specimen film 
inclined, and this can be easily arranged by a minor modi- 
fication of the specimen-mounting arrangements. As Fig. 4 
shows, an inclination of even only 15° from the setting normal 
to the beam will sometimes suffice to show the arcing of the 
rings when orientation is present, in view of the small extent 
of the (thus almost perfectly flat) specimen film in the path 
of the electron beam. At least 45° is preferable, however, 
especially for lattice-determination purposes. 

A pattern such as Fig. 4 can also be used to determine the 
amount of rotation of the diffraction pattern (about the 
microscope axis) relative to the specimen. The “‘equator- 
line” row of arcs on a locus through the central spot has a 
well-marked curvature, and in the absence of rotation the 
orientation axis (the normal to the specimen film) would meet 
the photographic plate on a line joining the centre of curvature 
of this locus to the central spot, and would lie on the concave 
side of the locus. Comparison with the known direction of 
inclination of the specimen therefore gives the amount of 
rotation. Azimuthal correlation of the diffraction pattern 
with the microphotograph can thus be achieved, since the 
amount of rotation of the image relative to the specimen is 
readily obtained by observing the direction of response of the 
image to movement of the specimen. 

(a) Identification when-orientation is absent. It is usually 
easy to see (and test by measurement) whether the ring pattern 
is of the cubic or hexagonal (or rhombohedral) type. In the 
latter case, 1/3 ratios of certain of the plane spacings 
(e.g. 100 : 110) afford a clue to the identification and indexing 
of the hkO rings, and then by trial the axial ratio c/a can be 
found, using the Hull-Davey“) or Bunn—Bjurstr6m (Bunn®?) 
type of charts. Similarly 1/2 ratios (e.g. 100: 110, or 
110 : 200, etc.) may indicate tetragonal symmetry and 
identify the hkO rings, and then the c/a may be found by trial 
as above. 

Identification is then often possible by comparison of the 
lattice dimensions with the data listed in the well-known 
Strukturbericht and Structure Reports, or by Wyckoff.© The 
tabulations of the known data for cubic, tetragonal and 
hexagonal crystals by Frevel, Rinn and Anderson can also 
be consulted. When the elements present in the material are 
known (e.g. from spectroscopic data) or suspected, these 
data, and also those in Dana’s Mineralogy®) for possible 
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compounds, can be compared with that from the pattern 
which may also be compared with the patterns obtainec} 
from any available compounds suspected to. be present. 4 

If the pattern cannot be recognized by these means, or Ui} 
further evidence of the structure type is required to differ: | 
entiate between materials of nearly the same lattice dimensior|; 
(e.g. if f.c. cubic, whether sodium chloride, zinc sulphide oi): 
calcium fluoride type, etc.), then it is necessary to use the! 
relative intensities of the diffraction rings, at least qualitatively }) 
as follows. ! 3 | 

First, if the crystals are several hundred angstroms or more); 


in diameter, as indicated by the sharpness of some or all Oo 
the rings, it is important to consider whether the crystals an) 
roughly spherical or are more or less plate-shaped or needle) 
shaped, as shown by the equality or otherwise of the breadth) 
of the various rings, or by the shape observed in the image it 
microscopy. Due allowance can then be made to some exteni}} 
for the different absorption of the electron beam in the 
directions in the crystals at which the various Bragg reflexions i 
occur. Plate-shaped crystals include those of materials having N 
a “‘layer-lattice’ structure, such as cadmium iodide oj) 
cadmium chloride type, clays and micaceous crystals (for date) 
see Brindley). If the crystals have smooth faces, as in the! 
cleavage faces of these layer-type structures, then refractior} 
of the incident beam and the emergent diffracted beams occur} 
and some of the diffraction rings show a displacement tc) 
smaller radii, accompanied by a more or less extensivii! 
broadening and diffusion and often much weakening by 
absorption.“ Certain rings may arise only by entry ancy 
emergence of the primary and diffracted beams at grazing s 
incidence on a smooth extensive face, and some orders, suck} 
as 002 of graphite, may be entirely forbidden owing to tota) 


internal reflexion of the diffracted beams, owing to tht 


4 
magnitude of the inner potential. and the Bragg angle) 
concerned.) 4 

It must be remembered that crystals greater than abou} 
1000 A thick will contribute little diffracted intensity apar) 
from background scattering, unless made of very ligh'}i 
atoms (carbon, oxygen, hydrogen, etc.); and that such thick 
parts of the specimen could be of some material other thar! 
that yielding the main pattern. . 
to use low grazing incidence to record the diagnostically mos\ 
valuable inner rings, and if the surface is flat and atomically® 
smooth the depth of penetration may be as low as 10 A.@2), 

If absorption affects all the rings about equally, or can be [ 
allowed for from the evidence of the crystal shape as above 
then the plane spacings of the three strongest rings can be} 
found and search made in the A.S.T.M. file of X-ray} 
diffraction powder photograph data,“ with allowance mades 
for the fact that appreciable intensity differences may occui/ 
due to the different relative structure factors (S2) in X-rayf 
and electron diffraction. The differences arise because thé) 
ratio of the scattering powers of two different atoms at any} 
given (sin @)/A value, i.e. for any particular ring, is not the 
same for electron as for X-ray diffraction. For example, thi! 
ratios of the copper scattering amplitude to that of sulphu} 
at (sin #)/A = 0-1, 0-2, 0:3, 0-4, 0:5, are, for X-rays,(4] 
1:90, 2-00, 2-00, 1-94, and 1-94, while for electrons“>) they 
are 1:42, 1-43, 1-56, 1-71 and 1-61, respectively. la 

Nevertheless, in at least the simpler structures, S$? can onl} 
take one of a small number of forms, such as the square 0} 
the sum of the scattering powers of two atoms or the squari 
of their difference, giving strong or weak rings respectively) 
so that in most such cases there is still a rough correspondenei| 
of the relative intensities of neighbouring rings in the X-ray 
and electron diffraction patterns. In general, strong an¢ 
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ak rings in the X-ray pattern are also strong or weak 
ipAcaneSy in electron diffraction patterns, because the 
ivelets from the various atoms are in phase (or nearly so) 
in anti-phase (or nearly so) in these two cases. It is thus 
rn that the identification from electron diffraction patterns 
pends most on the comparison of net-plane spacings with 
bse of known materials, but that with the above proviso 
| to crystal size and shape, the comparison of the ring 
rensities with the standard X-ray intensity data can also 
j| used, qualitatively, as a somewhat less stringent test of 
entification. Direct comparison with electron diffraction 
itterns from known suspected materials is, of course, not 
i}vays easily available, but can sometimes be arranged. 

(b) Identification when orientation is present. When the 
ystal size, shape and preferred orientation are not favour- 
jle for using the spacings and relative ring intensities as 
ove, then, if the orientation is strong enough, the arc 
»sitions (obtained with the specimen inclined) can be used 
/ one of the ways described by Wilman‘!® to show the 
sitial relationships between the net planes and thus to 
Hine the unit ceil. Comparison with the above-mentioned 
=erence data may then permit identification of the material. 


| ESTIMATION OF LATTICE DIMENSIONS 


For identification purposes it usually suffices to estimate 
tice dimensions to within about 1%, which can be done by 
fibration of the apparatus using graphite patterns 17-19 
stained at the same lens-current settings as those used to 
-ord the pattern to be identified. However, there is usually 
‘ appreciable distortion of the pattern, both radial and 
-csumferential, the amount depending on the degree of 
siiring of the apertures limiting the beam, and on the lens 
raracteristics. It is thus preferable to add a trace of very 
Ee ‘graphite powder to the specimen, e.g. by very gently 


Hraping the “‘lead’’ of a pencil above it, or by forming a thin 


composite diffraction pattern of graphite and the material 
vestigated can then be obtained, either in a single exposure 
j a double exposure superposing the two separate patterns 
these are obtained at slightly laterally displaced positions 
/ the specimen. This direct method will thus allow inter- 
lation to be applied between the known spacings of the 
laphite AkO rings, so as to give spacing estimates accurate 
the order of 0:1°% when the pattern contains sharp rings. 
Using the (AKO) graphite spacings as a standard amounts, 
effect, to comparing lattice dimensions with the C—-C 
i.e. the carbon atom ‘diameter,’ and has the 
ilvantage that the basal axis a of graphite varies scarcely 
ppreciably between room temperature and 1000° C.2° The 
‘ray diffraction measurements of Trzebiatowski?) and 
lelson and Riley? showed that at room temperature 
[= 2-4563 kX, cla = 2-626; and a= 2-4562kX, c/a = 
626, respectively, thus djj9 = 1°2281 kX = 1-2301 A. 
Though Finch and Fordham”) had initially suggested 
ing gold foil as a standard, its lattice dimension is subject 
| considerable variation, as work by Garrod@” and by Lu 
ld Malmberg») has shown. Garrod demonstrated that it 
L s this that led to the apparently abnormal a value obtained 
tr sodium chloride by Finch and Fordham, and that when 
laphite was used as the common reference, the sodium 
\loride was found to have as lattice dimension the normal 
i-tay diffraction value, while the gold had sometimes 
»normal dimensions. It can now be said that alkali halides, 
hen of reasonably high purity, can be used as sub-standards 
ig. for sodium chloride a = 5:628 kX = 5-640A at room 
perature). 
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Finally, it should be noted that much evidence has shown 
that for pure materials, when the heating caused by the 
electron beam is negligible, the lattice dimensions are the 
same as those found by X-ray diffraction, at least when the 
crystals are larger than 120 A diameter.@) Slight deviations 
may occur in the case of smaller crystals, according to 
Boswell’s results,@5) though further confirmation of this is 
desirable, since other observations (e.g. Boochs?%) have 
shown no appreciable deviation in small-crystal metal 
deposits. In the electron microscope, where high beam 
intensities are used at times, the specimen temperature may 
often be so much raised as to lead to appreciable (though 
only small) discrepancies between calculated lattice dimensions 
and the room-temperature measurements given in the 
literature, 


ACKNOWLEDGEMENT 


The authors thank Mr. M. L. Levin, of this laboratory, 
for Figs. 1 and 2. 


REFERENCES 


(1) Mark, H., Morz, H., and Trityat, J. J. Naturwissen- 
schaften, 20, p. 319 (1935); TriLLat, J. J., and Motz, 
H. Trans Faraday Soc., 31, p. 1127 (1935); Morz, H., 
and TRILLAT, J.J. Z. Krist., 91, p. 248 (1935). 

(2) Ay-mer, A. E., Fincu, G. I., and ForpHam, S. Trans 
Faraday Soc., 32, p. 864 (1936) (note that Fig. 6 
there is now known to be due to Ag + Ag)S); see also 
PINSKER, Z. G. Electron Diffraction, translated by 
Spink, J. A., and Fricy, E. (London: Butterworths 
Scientific Publications, 1953), but note that Plate LX 
Figs. a and db are also largely due to Ag,S. 

(3) Watson, J. H. L. J. Appl. Phys., 18, p. 153 (1947); 
Burton, E. F., SENNETT, R. S., and Exuis, S. G. 
Nature [London], 160, p. 565 (1947); MENTER, J. W. 
J. Inst. Metals, 81, 163 (1952); Haine, M. E., and 
Hirst, W. Brit. J. Appl. Phys., 4, p. 239 (1953). 

(4) Hutt, A. W. Phys. Rev., 10, p. 661 (1917); HuLL, A. W., 
and Davey, W. P. Phys. Rev., 17, p. 549 (1921); 
Davey, W. P. Gen. Elect. Rey., 25, p. 565 (1922). 

(5) BUNN, C. W. Chemical Crystallography (Oxford: 
Clarendon Press, 1945). 

(6) Wyckorr, R. W. G. The Structure of Crystals (New 
York: Reinhold Publishing Corporation, 2nd Ed., 
1931, and Supplement, 1934); Crystal Structures, 
Vols. 1-3 (London: Interscience Publishers Ltd., 
1948-53). 

(7) FreveL, L. K. Industr. Engng Chem., Analyt. Ed., 14, 
p. 687 (1942); Frevet, L. K., RINN, H. W., and 
ANDERSON, H. C. Jndustr. Engng Chem., Analyt. Ed., 
18, p. 83 (1946); FReveL, L. K., and RINN, H. W. 
Analyt. Chem., 25, p. 1697 (1953). 

(8) PALACHE, C., BERMAN, H., and FRONDEL, C. Dana’s 
System of Mineralogy, 7th Ed., 2 Vols (London: 
Chapman and Hall Ltd., 1944, 1951). 

(9) BRINDLEY, G. W. (Editor). X-Ray Identification and 
Crystal Structures of Clay Minerals (London: The 
Mineralogical Society, 1951). 

(10) TRENDELENBURG, F. Naturwissenschaften, 20, p. 655 
(1922); 21, p. 173 (1933); TRENDELENBURG, F., 
FRANZ, E., and WIELAND, O. Z. Tech. Phys., 14, 
p. 489 (1933); TRENDELENBURG, F., and WIELAND, O. 
Wiss. Veroff. Siemens-Konz., 13, pp. 31, 41 (1934). 

(11) YAmMAGuTI, T. Proc. Phys. Math. Soc. Japan, 16, p. 95 
(1934); Miyake, S. Proc. Phys. Math. Soc. Japan, 
22, p. 666 (1940). 


219 


H. I. Matthews and H. Wilman x 


(12) Fincu, G. I, and WiLMAN, H. Trans Faraday Soc., 
33, p. 337 (1937); Fincu, G. I., Lewis, H. C., and 
Wess, D. P. D. Proc. Phys. Soc. [London] B, 66, 
p. 949 (1953). 

(13) Alphabetical and Numerical Indexes of X-Ray Diffraction 
Data, 1953 Ed. (Philadelphia, U.S.A.: American 
Society for Testing Materials, 1954; Sole U.K. agents: 
The Institute of Physics, London). 

(14) See Internationale Tabellen zur Bestimmung von Kristall- 
strukturen, 2, (Berlin: Borntraeger, 1935). 

(15) See, e.g. THOMSON, G. P., and COCHRANE, W. Theory 
and Practice of Electron Diffraction (London: 
Macmillan and Co. Ltd., 1939). 

(16) Witman, H. Acta Cryst., 5, p. 782 (1952). 

(17) Fincu, G. I., and ForpuaM, S. Proc. Phys. Soc. 
[London], 48, p. 85 (1936). 


The flexural vibrations of an end-loaded vertical strip 
By R. F. S. HERMON, F.Inst.P., and E. H. ADAms, Forest Products Research Laboratory, Princes Risborough, Bucks iF 
[Paper received 18 March, 1955] : 


An approximate equation is derived for the frequency of vibration of an end-loaded fixed-free 

strip having the loaded end vertically below the fixed end. This equation, which is an improve- 

ment on previous results, is compared with experiment, and a comparison is also made between 

the observed and predicted ‘deflexion curve of the vibrating strip. In both cases the agreement 
is satisfactory. 


(1) INTRODUCTION 


The system considered in the present paper is shown in 
Fig. 1, in which Ox and Oy are respectively the vertical and 
horizontal directions. An elastic strip, regarded for the 
present as of negligible mass, is clamped at O and carries at 
its lower, freeend a mass m. This lower end oscillates between 
the limits ! and m, along the arc m!L m. 

If the system is turned through a right angle, so that Ox 
is horizontal and Oy vertical, the strip becomes an end-loaded 
cantilever, the vibrations of which have been studied theo- 
retically by Davies,“ with special reference to the measurement 
of Young’s modulus. One advantage which the arrangement 
of Fig. 1 has over the cantilever for this purpose is that, 
however great the load, there is no initial static deflexion. 
It is thus possible to carry out the measurements in the 
absence of static deflexion, and, by increasing the load, to 
study the behaviour of the material of the strip at very low 
frequencies; these advantages may be quite important for 
materials in which the modulus varies with stress and 
frequency. 

The system of Fig. 1 is more complicated in one respect 
than the simple cantilever because, when the mass is dis- 
placed to the position m, there are two restoring forces acting 
on it, namely (i) the elastic restoring force of the bent strip 
and (ii) the component of the weight mg, resolved along mL. 

The second component is analogous to the restoring force 
acting on the bob of a simple pendulum displaced from its 
rest position, and is absent when the strip vibrates as a 
cantilever. Under some circumstances this component can 
appreciably influence the frequency of vibration of the strip 
when vibrating as shown in Fig. 1. 

In 1940, one of the present authors attempted to take this 
effect into account by assuming that the length L of the 
equivalent pendulum was the same as the length / of the strip, 
and the result was published in 1948@) in the form of a 
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correction to be applied to the Young’s modulus calculate! 
from the usual cantilever formula.@» ai 

However, Balinkin@) had earlier considered the same) 
problem, but his paper was overlooked until recently 
Balinkin, following the usual treatment appropriate to the) 


cantilever, assumed that the deflexion curve Om (Fig. 1} 


Y 


Fig. 1. Diagram of system 


of the strip was the same as that of a statically deflected end | 
loaded cantilever : | 


y = (W/6EDGBIx2 — x?) (l 
where y = deflexion of a point x on the strip, | 
W = end load, 


E = Young’s modulus, 
I = moment of inertia of cross-section. 
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‘further assumed that the length of the equivalent pendulum 
5 CL (Fig. 1), where C is the point at which the tangent 
ithe deflected strip at its end point m meets the vertical 
5. tis easily shown from equation (1) that this assumption 
ds to an equivalent length for the pendulum of 2//3, 
rvided the deflexion is small. 

he assumption that L =/ leads to the dimensionless 


lation 
aV/(Ulg) =/GBr + 1 (2) 


ere w = angular frequency, 
g = gravitational acceleration, 
_r = El/megl2 (3) 


alinkin’s assumption that L = 2//3 leads to the equation 
wr/ (Ug) = /GBr + 1-5) (4) 


t will be seen that equations (2) and (4) differ in the 
astant term under the right-hand square root sign, and the 
‘sent investigation was carried out in an attempt to resolve 
5 discrepancy. 


(2) THEORETICAL ANALYSIS 


ehe Rayleigh method®) has been applied here to obtain 
}2pproximate solution of the problem. It is assumed as a 
‘approximation that the deflexion curve of the vibrating 
4D is given by equation (1) and thus, for simple harmonic 


y = k(3lx? — x3) cos wt (5) 


Iere k = W/6EI. 
E he potential energy of the system is made up of two 


oS 


#:) the potential energy of bending 
1 


d2 2 
= ser] (=) dx (6) 
0 


ii) the potential energy (V>) of raising the mass m through 
| distance BL (Fig. 1), where BL is perpendicular to mB. 


nsidering any element ds of the curve Om, 
ds* = [1 + (dy/dx)*]dx? 


1 since the deflexions are assumed small, the slope is also 
All, and 


| 
I] 


ds =[1 + 4(dy/dx)?|dx approx. (7) 
"he length BL is / — OB, or approximately, 


i i 
2 
BL = | ds} = T= s/ &) dx from equation (7) 
0 0 
l 


V, = 78 | (FY ax (8) 


(he kinetic energy 


T = 4m(dyo/dt)? (9) 
being the deflexion at free end of the strip, where x= If 
pstituting equation (5) in equations (6), (8) and (9), gives 
V, = 6 Elk? cos* wt 

V> = (12mgl5/5)k? cos? wt 

T = 2mw?16k? sin? wt 
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Equating the maximum value of T to the maximum of 
(V, + V2) leads to the equation 


wV (Ig) = V/Gr + 1-2) (10) 


Comparison of equation (10) with equations (2) and (4) 
shows that the constant term is now 1:2, corresponding to 
L = 5l//6. It should be noted that it is not necessary to 
assume a value for L, because, on the above analysis, this 
value follows from, and is implicit in, the expression chosen 
to represent the deflexion of the strip. 

The solution given by equation (10) can be improved by 
applying the Ritz modification of the Rayleigh method. 
A better approximation than equation (5) to the deflexion 
of the strip will be given by including a term in x4, and in 
order that the resulting expression may still satisfy the 
boundary conditions it is taken in the form 


y = [k,Glx? — x3) + k(3lx3 — x4)] cos wt 
or, writing k, = k,/, by 
y = {k, Gl? — x3) + ky [3x3 — (xt/D]} cos wt (11) 


where k, and k, are arbitrary parameters. 
Equation (11) is then substituted in equations (6), (8) and 
(9) as before; the result is 


w/ (lg) = /(ar + b) (12) 
3(5k,? + 10k,ky + 12k?) 
= 13 
where ea OP (13) 
2 » 
Kee 168k ,? + 371k,kz + 227k, (14) 


140(kj +k)? 


Finally, the frequency is minimized with respect to k, and k, 
so that 


Iw/dk, = w/dk, = 0 


2 | { { | | | | | 
O 2 O:4 0-6 0:8 lO 
Fig. 2. Variation of a and b [equation (12)] with r 
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leading to 


(15) 


Fig. 2 shows the variation of a and 6 in equation (12) with r. 
This figure was constructed by inserting appropriate values 
of r in equation (15) and finding the corresponding ratios 
k,/k,. These values of k2/k, were then put into equations (13) 
and (14) to find a and b; since the equations are homogeneous 
the k’s disappear and the a’s and b’s are left as simple numbers. 
For instance, when r = 1, ky/k, = —0:02779, a = 3-003, 
b =1-191. Inspection of Fig. 2 shows that as r increases, a 
falls asymptotically to 3 and 5 rises asymptotically to (oR. 
the values found for these quantities in equation (10). 


1176 rk, = — 35 ky — 83 k 


(3) EXPERIMENTAL 


In order to test the above analyses, experiments have been 
carried out on strips of mild steel, brass and boxwood. The 
strips were clamped at their upper end, a platform fastened 
to the lower end, and weights, in the form of sheet lead, were 
attached to the platform. Fig. 3 shows the general arrange- 


Fig. 3. Double-exposure photograph of vibrating strip 


ment; this is a double-exposure photograph, the first exposure 
being made with the strip stationary, and the second with the 
strip moving, near the extremity of its swing. All the 
frequencies were measured by timing fifty swings with a stop 
watch. 

The Young’s modulus E of each material was found by 
supporting the strips on two knife edges and loading sym- 
metrically on two lines near the ends of the strips. Under 
these circumstances the state of stress in the span between 
the supports is one of pure bending, and by measuring the 
deflexion at the centre of the span when a load is applied, 
the Young’s modulus can be calculated.” 

The strips were of rectangular cross-section and therefore 


I = wt3/12 (16) 


where w is the width and f the thickness of the strip. Values 
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of w and tf were measured at a number of points along the} 
strips and J calculated from equation (16). Gk 
The resulting values of E and J are given in the table; 
these are the values which were used in the calculations of 
Section 4(a) below. : 
The measurements on the vibrating strips are subject to) 
correction for rotatory inertia and shear in the strip, for the 
finite mass of the strip and for the rotatory inertia of the}) 


load. Only the last two corrections were appreciable in the 


present experiments and Were taken into account by replacing} 
m wherever it occurs in the equations by i 


+ m 33 mol 
T— @77/415 ' 140 4 


where i is the radius of gyration of the load about its line of 
attachment to the specimen and mp is the mass per unit) 
length of the specimen. Thus, in place of equation (3), r ish 


calculated from 


M 


r = El|Mgl? (18)) 


Both corrections are applied in the approximate form giver/) 
by Rayleigh.©) The second term in equation (17) allows for 
the mass of the strip; in the present experiments the magnitude: 
of the correction varied from about 13% of M on the lightly) 
loaded long brass strip to about 1% of M on the heavily); 
loaded short boxwood strip. The denominator of the first! 


ect 


term allows for rotatory inertia of the load. The value of 7{; 
in the present experiments was about 5-5 cm?; the value ol ; 
9i2/4/2 was accordingly never greater than 0-01 and was) 


usually less than 0-005. a 


(4) RESULTS ai 


(a) Frequencies. A selection of the results is given in the} 
table and compared with values calculated from equations (10 ) 
and (12). For each material, measurements were made al): 
intermediate values of M and /, but to save space, these) 


In each set ol! 


Fig. 4. Calculated and observed deflexions 


—-~-- = calculated [equation (20)] 4 
calculated [equation (22)] a 
observed (Fig. 3) ae 
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The flexural vibrations of an end-loaded vertical strip 


(i) Mild Steel—E = 20-3 x 10", I = 8-50 x 1074. 


Values of observed oy. (/g) compared with ./(ar + b) [equation (12)] and \/(3r + 1-2) [equation (10)] 


l= 40cm 1= 65cm 
M ACES) /(ar + b) r+: Reick 
(g) if observed pei ae (12) Sh Om Gs é iA Se ees: Dy BAe ao 
908-8 =: 1-209 2-14 2-19 2-20 922-8 0-451 1-58 1:59 1-60 
i peo 0-5279 IGS 1-67 1-67 2091 0-1991 1:32 133 1-34 
pee 0-3389 1-45 1-49 1-49 3247 0-1282 1°23 25) 1-26 
| 14391 0-2503 1:36 1-39 1:40 4388 0:0949 1-19 [boPH| 1-22 
5518 0-1991 1-31 33 IL o'eys! 5510 0:0755 1:16 1-18 1-19 
} 6073 0-1810 1-28 (Rose ie3 2 6062 0:-0687 Hes) Wot 1-18 
(ii): Brass-—E = 8-95 «x 1011, 7 = 7-52 x 10-3 
= 50cm 1 = 80cm 
/(1/g) ‘(ar + b /(3r ; ‘(ar /(3r ; 
(g) is cae) es ay ee ree iG ih oes es Dy ae 
| 958-4 2-863 3-08 BS Bal 1005 1-067 2:07 2-10 2:10 
4 2128 1-290 be yp Did, DES 2170 0-4940 1:62 1-63 1-64 
i 3285 0-8356 1-90 1:92 12.93 3325 0-3224 1:45 1-47 1-47 
4 A429 0:6198 rae e575 (bes) 4466 0-2400 ogy 1:38 10338) 
A S554 0:-4942 SO, L163 1-64 5587 0-1918 Loa 14533 133 
Gii) Boxwood—E = 1-47 x 10!1, J = 2:28 x 10-2. 
1= 40cm To Shcria 
M LL, ar ‘ F 
— @ r Sveti IPO) earios GO) | r Sbtersed’ aMmnuen Ca) * equim UO) 
888-8 2-402 2-94 2-90 2-90 896:2 0-4223 [Lopyy ihe syy/ IhOSy7/ 
2062 1-035 2:09 PAV 2:07 2062 0-1836 332 e332 132 
Ht 3223 0: 6624 179 1:78 1-78 3217 0:-1176 23) 24 1-25 
4371 00-4885 1-64 1-63 Li:63 4357 0:0869 1-19 1720 20 
| 5498 0:3883 1-53 153 1-54 5477 0-0691 ilo IEE ale, ipa) 
1-49 1-50 6029 0-0628 Lode 1-16 1-18 


16053 023527 1-49 


iid boxwood, 5998 g. 


I 
t) 
th the measurements. 


I 


ation. 
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8, 3190, 4329, 5448 g and, in the case of the mild steel 


At will be seen that equation (10) gives reasonable agreement 
ith experiment in most cases, and that this agreement is 
Bhtly improved by the use of equation (12). 
en when equation (12) is used, discrepancies of the order 
12% still remain. These may be due partly to the approxi- 
ate nature of the analysis, and of the corrections represented 
equation (17), and partly to experimental errors associated 


However, 


‘Calculations were also made using equations (2) and (4). 
juations (10) and (12) invariably gave better agreement 
ith experiment than equation (4). In a few instances on the 
ihtly loaded steel and brass strips the agreement with 
periment of equation (2) was slightly better than equa- 
ins (10) and (12) but in the great majority of cases, 
uations (10) and (12) gave better results. 
bm the evidence of the frequencies that the best available 
ations are (10), or (12) if the increase in accuracy justifies 


Thus it appears 


= extra calculations involved in the use of the latter 


(6) The deflexion curve. 


The defiexion curve of the 


vibrating strip was obtained by measuring on photographs 
such as Fig. 3 the deflexion as a function of position along 
the strips; the accuracy of the measurements was, of course, 
increased by having the stationary strip on the print to serve 
as a datum for the measurements. 


Introducing the variables 


u= x/L, ) = y/Yo 


equation (5) becomes, 


v = 3u7)2) — (u3/2) 


(19) 


(20) 


The photograph of Fig. 3 refers to the boxwood strip with 
M = 3760g,/ =95cm. Thusr = 0:1006, and equation (15) 


gives 


ky =a —0- 174 ky 


(21) 


Inserting equations (19) and (21) in equation (11) leads to 
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v =1-82u2?— 0:92 + 0:10 u4 


(22) 


R. F. S. Hearmon 


The curves corresponding to equations (20) and (22) are 
drawn on Fig. 4, which also contains the measured values 
derived from Fig. 3. It is evident that equation (22) gives a 
better representation of the observed deflexion curve than 
does equation (20). Thus, in the particular case illustrated 
in Fig. 3 there is an appreciable departure of the defiexion 
curve from that appropriate to an end-loaded cantilever 
[equations (1) and (20)]. The extent of this departure in 
any instance will depend on the value of r; equation (15) 
shows that as r increases, the ratio k,/k,; approaches zero, 
and for large values of r the difference between equation (1) 
and the more accurate equation (11) will be negligible. 
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Phenomenological approach to 
By D. A. Bett, M.A., Ph.D., Electrical Engineering Department, University of Birmingham 
[Paper first received 26 October, 1954, and in final form 1 April, 1955] 


There is no satisfactory theory of the noise additional to Johnson noise which is found when a 
steady current is passed through resistors made of any kind of semi-conducting material. 
Experiments by various workers have failed to show conclusively that it is an interface pheno- 
menon. Rough estimates are given of the total fluctuation (all frequencies) and the number NV 
of charge carriers present in three examples, and the relative fluctuations are shown to be much 
greater than 1/N. The inverse-frequency spectrum cannot be a result of a particular pulse shape, 
but could possibly be due either to a complicated diffusion process or more probably to the 
law relating mean-square perturbation and time for the whole population of carriers which is 
not to be regarded as an equilibrium system. 


It is little exaggeration to say that throughout the years since 
Schottky’s flicker theory was first applied to semi-conductor 
noise the several theories which have been proposed for the 
latter have been mathematical models which were not based 
on any detailed examination of the experimental evidence. 
It is, of course, mathematically possible to represent any 
spectrum by a sufficiently extensive distribution of relaxation 
times, each of which has a spectrum of the form (1 + w?7?)7! 
but it is not physically plausible to suggest that such a range 
of relaxation times occurs in all the varied substances which 
exhibit current-noise, from carbon granules and metal films 
to single-crystal germanium. 

It is therefore an urgent necessity to review the available 
experimental data, and the principal sources of information 
are the effects on noise of current-density, resistivity and 
temperature, and the spectral distribution of the noise. 


THE EFFECTS OF RESISTIVITY AND CURRENT 
DENSITY 


A law of the type dV2 oc i?R? is dimensionally correct, and 
dV oc i* is supported by much of the experimental evidence. 
Departures from this law may be due to changes in the 
internal state of the semi-conductor at high values of current- 
density or field-strength. Variation of noise with “resistance” 
is difficult to interpret, since a change of resistance requires 
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either a change of material or a change of size or shape} 
resistance is not an independent variable. Otto“) found tha| 
the parameter which appeared to be specific to the materia | 


was one equivalent to dV2/R, and the same form applies t¢ 
the combination of resistors in series and parallel. If one) 
passes a constant steady current through two separate resistor: 
in series, the fluctuation voltages arising in each will be 
uncorrelated and the total squared voltage will be only twice) 
that of one resistor, though R_ has been increased by a facto} 
of four. Similarly, if one has a number of resistors in paralle} 
or a number of parallel paths in one resistor, the total nois¢! 
will be found by summing squares. In Fig. 1, the tota) 
resistance r is supposed to be made up of-n parallel resistor’ 
each of magnitude mr and each carrying 1/n*’ of the current 
Each branch is expected to be the seat of a voltage of the form 


dv = I?dR* = I?R>(dR2/R2) 


which is effectively in series with the unit resistance, anc| 
since in each branch J is 1/n'* of the total current while r is 
n times the total resistance, /?R* = i2r?. This voltage is) 
divided between its source resistance mr and the remainder ol 
the circuit of resistance nr/(n — 1), a fraction 1/n appea 
across the terminals of the whole resistor. The conte bral 


from one constituent path is therefore 


dV2 = (1/n?)I?R*(dR?/R?) F 
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fe combination of n uncorrelated constituents will give an 
itput 


dV? = (1/n)I2R2°dR2/R?) (3) 


yan-square fluctuation voltage will be 1/n‘* of the value 


jich would otherwise be found for the given material, 
Stance and current. On this basis one might expect to 


r¢ 
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Equivalent circuit of composite resistor 


Fig. 1. 


(and one often does find) that the carbon film resistor is 
5 noisy than the carbon-composition resistor, and the 
tial film resistor (which may possibly be regarded as a 
s2cture of extremely fine grain) is quieter than the carbon 


a 


13 
e 
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- THE EFFECT OF TEMPERATURE 


*ublished data on the effect of temperature on semi- 
sductor noise have been sparse and inconclusive, but a 
“cat set of measurements by Barber‘) on a lead-sulphide 
5i is capable of systematic interpretation. If instead of 
otting noise power against temperature in the usual way 
ls plots the logarithm of noise power against the reciprocal 
* temperature, and simultaneously plots the logarithm of 
bistamce against temperature, straight lines are obtained as 
dwn in Fig. 2. There is a slight change in slope of the 


li 


lO 


ase ey 


| Fig. 2. Variations of logarithms of noise power and 
resistance with the reciprocal of temperature 


lise line at about the same temperature as the changeover 
lint of the resistance characteristic, which may be significant 
a relationship between noise and mechanisms of excitation 
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of charge carrier. Application of the same type of plot to 
noise/temperature data published by Montgomery®) for a 
single-crystal germanium filament is shown in Fig. 3. 
(Resistance/temperature data were unfortunately not pub- 
lished.) Although this graph is complex, it does now approxi- 
mate to a group of straight lines whereas the original 
noise/temperature plot could only be described as an 
irregular wave. 
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Fig. 3. Application of type of plot used in Fig. 2 to data 
published by Montgomery; 


THE INVERSE-FREQUENCY SPECTRUM 


The outstanding feature of current-noise is that its power 
spectrum (i.e. the spectrum of squared amplitudes of the 
Fourier components) varies as f—”, with m constant and of 
the order of unity, over as wide a range of frequencies as 
can be observed. All the theoretical formulae proposed in 
the past show a departure from this law at low frequencies on 
the ground that if with n > 1 the f~” spectrum extended over 
all frequencies the total noise power would be infinite. No 
such low-frequency departure from the constant index has 
ever been substantiated, and the work of Bernamont™) on 
metal films,* Rollin and Templeton on carbon, Barber on 
a lead-sulphide film®) and Rollin and Templeton on 
germanium) are good examples of constancy of index over 
wide frequency bands which, in the case of both studies of 
Rollin and Templeton, extended down to about 10~3 c/s. 
Since power is constantly being fed into the resistor via the 
steady current which sets up the current-noise, and practical 
values are such that even in the noisiest semi-conductor the 
f~" spectrum could extend over scores of decades of frequency 
without the total noise power reaching 1% of the input 
power, one need not be over-anxious about the theoretical 
divergence of the integral of a formula for the spectrum. 

At one time it appeared that departure from n = | might 
be due to experimental error, but the evidence now appears 
sufficient to establish other values of n. Some of Bernamont’s 
metal films appeared to show n = 0:95 and nm = 1-06 as 
significant departures from n = 1. Harris®) found n = 1:45 
for lead-sulphide films (though Barber) subsequently found 
n= 1 for another specimen). Finally, Rollin and Temple- 
ton”) found n = 1-35 for germanium using the same tech- 
niques which had demonstrated n = 1 for carbon. It does 
now appear that n is rather precisely unity in carbon but may 
have other values in other substances; this may be a function 
of the excitation energy, or of the complexity of the generation 
and recombination processes, or may be affected by the 
presence of minority carriers. 


* Adjustment of Bernamont’s data to eliminate an obvious 
discrepancy(S) makes his indices even more constant than originally 
appeared, though the difference is mainly at the high-frequency end, 
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THE EVIDENCE FOR A VOLUME EFFECT 


Current-noise. was at one time known as ‘‘contact noise,” 
and both the direct transfer to this field of Schottky’s theory 
of flicker effect in thermionic emission and the application of 
diffusion theories implies that current-noise arises at interfaces 
which have to be crossed by the steady current; yet various 
experiments designed to test this point have failed to give 
positive evidence of an interface effect. Otto) failed to 
prove interface effect in carbon granules, and found current- 
noise in a carbon filament. Schénwald©) failed to eliminate 
current-noise from photoconductive cuprous oxide, even when 
he used a single crystal and terminals formed by reducing 
the end surfaces to pure copper. Montgomery, adopting 
a technique of separate current and potential terminals which 
has now become standard practice in semi-conductor noise 
research, showed that current-noise was generated in the 
main part of a single-crystal germanium filament, away from 
the terminal faces. The suggestion of undetectable micro- 
scopic interfaces between different parts of a nominally single- 
crystal specimen is untenable because such thin layers would 
be bypassed by their capacitances at quite low frequencies and 
hence distort the f—” spectrum. 


THE SEARCH FOR A MECHANISM 


Diffusion theories of the f~” spectrum appear to be 
eliminated for the following reasons: 

(i) they require a complicated system of two-dimensional 
diffusion to give even a rough approximation to a constant 
index, and the previous section shows lack of evidence for 
interface effects ; 

Gi) they have not given a constant index over a range of 
several decades of frequency; 

(iii) their predictions of temperature-dependence are not 
supported by the experimental evidence. 

There are mathematical grounds for saying that no single 
type of event can be responsible for a 1/f spectrum. In a 
Fourier-series analysis of any function which is of bounded 
variation, the amplitude of the n’” harmonic tends to decrease 
at least as fast as 1/n"" so that the power spectrum would 
decrease at least as fast as 1/n?. (This has been found to 
hold well for the time-average of the spectrum of a television 
signal, which represents a fairly random wave-form.) The 
author has examined several systematic decay processes, but 
while it is possible to devise special arrangements which give 
a 1/f spectrum in relation to the early part of the decay of a 
large perturbation, they are all found to approximate to an 
exponential decay (with the relaxation spectrum) when one 
considers small perturbations of large populations and long 
periods. Since the measured life-times and transit times of 
carriers in some semi-conductors are very small compared 
with the periods of spectrum analysis for the low-frequency 
part of the current noise, one would have to consider the 
later part of the decay curve; and in all practical cases the 
total population N is so large that a fluctuation of order \/N 
would be a small fractional perturbation. 

A uniform distribution of relaxation times from t = 0 to 
T= © would give a precisely f—! spectrum, but the upper 
limit of 7 would need to extend far beyond 103s (since a 
constant index has been found to hold down to 10~3¢/s): 
and this is not consistent with the observed mean life of 
carriers which in germanium is a few microseconds. 

The fact that current-noise occurs in semi-conductors, 
i.e. bodies in which the number of available charge-carriers is 
a random variable, suggests the idea first published by 
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. Bell 


in the number of available charge carriers. The idea see 2 
to have been abandoned at this stage because it would not 
account for the magnitude of the observed resistance fluctua- 

tions. It would usually be expected that the total (i.e. a oh 


frequency) mean-square relative fluctuation, AN?/N?, would 
be of the order of 1/N. Pages of the total numbers ol} 


undefined because the idw-frequency limit of the f~” distri I 
bution has not been found, but for a first approach it will 
be assumed that this distribution holds over ten decades of 
frequency, and that contributions from outside this range} 
can be neglected. Rough estimates (to the nearest power of 
ten) for three different experiments are as follows, the bases) 
of the estimates of numbers of carriers being given in the) 


Appendix. 


== 


Estimates of total fluctuation 


Be ee ee ere 


Resistor Ten-decade fluctuation 
Lead sulphide, Barber“) 10-8 10!2 
Carbon composition, Rollin 7 i 
and Templeton 16-4 107! ae 
Platinum film, Bernamont™ 10—12 101° ae 


Although these figures are only very rough orders o} 
magnitude, it appears definite that the total fluctuation is) 
substantially greater than 1/N. But it is probable that lead 
sulphide and carbon-composition resistors cannot be regarded 
as unitary bodies, and one must also consider the effect ol f 
compounding separate noise sources within the body of a) 
resistor. Sy 

‘Recently detailed analyses“!3, 14) have shown that the, 
statistical distribution of numbers of charge carriers on an} 
equilibrium basis does not follow strictly either a Poisson or) 
Gaussian law and the variance is not equal to the numbel|| 
in population. But on an equilibrium basis the distribution!) 
for large numbers is very nearly Gaussian; and for a simple) le 
model of an intrinsic semi-conductor, assuming square-law 
recombination, the variance is merely halved. The variances} 
thus calculated on an equilibrium basis are therefore of the} 
same order of magnitude as the simple assumption of a) 
variance equal to the number in the population. 4 

The case for a “‘variable-number” theory is so strong ia} 
comparison with the others outlined above, particularly in} 
view of the correlation between noise and resistance when 
referred to inverse temperatures, that the author thinks this Hi 
the most profitable line to pursue. The apparent dependence} 
of the value of index on the conduction mechanism also’, 
supports the view“>) that an explanation is to be sought in} 
the detailed mechanism of the fluctuations in number of} 
charge-carriers, although the conventional approaches, which | 
give values of the variances defined as equilibrium values 
averaged over infinite time, always lead to relaxation spectra. 
But the fact that reducing the lower frequency limit of the 
spectrum (i.e. increasing the time of observation) has always} 
increased the noise intensity shows that the spectrum cannoli 
be treated in terms. of infinite-time averages: if the time of 
observation could be made long enough to be effectively 
infinite, and to correspond to the full restoration of equili-| 
brium after all perturbations, the intensity of the spectrum 
would remain constant when examined over longer periods} 
than this. The requirement is, therefore, to determine not. 
the variance but the mean- -square perturbation as a function 
of time; and the latter corresponds to the squared display 
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int which in Brownian motion increases uniformly with 
ie. The power “spectrum” of Brownian motion would 
iefore follow a law f—*; and it appears that a spectrum 
‘ f-! would result from a mean-square perturbation 
easing logarithmically with time, but it has not yet been 
}sible to show that precisely this law of perturbation is to 
lexpected in semi-conductors. 


CONCLUSIONS 


Whe author’s deductions from the experimental evidence 
4; as follows: 


(i) Current-noise in semi-conductors is a true conduction 
phenomenon, i.e. associated with bulk conduction 
rather than with contact phenomena. 


i{ii) When experimental results give different values of noise 
: for different objects, the interpretation of the relation 
between noise and resistance as a function of resistivity 
requires knowledge of the internal structure of the 
object. There is, in fact, insufficient experimental 
evidence to state any general relation between noise 
and resistivity. 


ui) The main feature of the inverse-frequency spectrum is 
- constancy of the index of f over a wide frequency 
range, whether or not the index is precisely unity. 


iv) It seems to be established that the index is precisely 
i unity for carbon, but greater than unity for some other 
semi-conductors. 


fy) In at least one case the noise versus temperature 
characteristic can be simplified by plotting the 
logarithm of noise power versus the reciprocal of 
temperature. ; 


<vi) There is no reasonable identification of time-constants 
of traps, etc. with the range of relaxation times which 
would be needed to fit the spectrum. 


vii) Of the two general hypotheses not involving specific 
relaxation times, namely diffusion and _ statistical 
properties of a variable population, the latter is 
qualitatively supported by items (i), (iv) and (v) above. 
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APPENDIX 


Estimates of the numbers of charge carriers in 
certain experiments 


(i) The lead sulphide film used for noise measurements by 
Barber® was about 1cm square, and the estimated 
thickness was 1 to 2 x 1074cm, giving a volume of 
10-4 cm3. A typical value for carrier concentration in 
such material at room temperature is 10!° per cm?, 
resulting in 10!? for this film. 

If we assume a mobility of 1 cm2 /V-s, a carrier density 
10!° gives a specific conductivity of 1-6 x 10-3 and a 
resistance for the film of 6 MQ. The measured value at 
room temperature was about 0-4 MQ, so there is an 
uncertainty of about one power of ten in the estimate of 
number of charge-carriers. _ 


(ii) A typical composition resistor weighs about 1-5 g gross, 
but less than a tenth of this is likely to be carbon which 
participates in the conduction. This may be, say, less 
than 1/100th g-atom (C = 12), and on this basis 1071 
atoms is a possible estimate. It is assumed that there 
will be approximately one charge-carrier per atom at 
room temperature where the carbon has semi-metallic 
properties. 


(iii) One of Bernamont’s sputtered platinum films“ was 
4 cm long by 1 mm wide and approximately 4 x 10~7cm 
thick, i.e. a volume of 1-6 x 1077 cm. If the annealed 
film had approximately the density of metallic platinum, 
21-3 g/cm}, the weight of film would be 3-4 x 10~°g, 
and with an atomic weight of 195 there would be 
approximately 10'° atoms in the film. 
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Electron liberation by low energy ions at metal surfaces 
and in gases 
By H. Ferz, Institute of Physics, University of Wurzburg 
[Paper first received 15 January, 1954, and in final form 15 December, 1954] 


Two methods are described for the production of electrons by the impact of slow moving ions 
with metallic surfaces as well as gas molecules of the same type. In the first method, which is 
the simpler of the two, a steady d.c. discharge provides the ion source but corrections are 
necessary for the effects of ultra-violet light. The second method, which uses a more complicated 
impulse technique, enables the electron emissions due to photons and positive ions to be 


measured separately. 


The experiments have shown that with copper surfaces, cleaned by reduction, the impact of 
nitrogen and argon ions give yields up to 1°%, whilst for hydrogen and oxygen ions the yield 
When the kinetic energy E/p is increased beyond approximately a few 100 V/cm 
mm of mercury, ionization by collision of the gas atoms with the positive ions is noticeable for 
all gases examined. This indicates that for volume ionization by ion impact, a minimum energy 


is below 107°. 


of twice the ionization energy is required. 


The occurrence of a self-maintained discharge in a gas is 
dependent on ionization in the bulk of the gas by electron 
collisions as well as on the production of electrons by other 
processes. Accordingly the conventional expressions for the 
discharge current 


Mats exp (padx) 
ip 1 — y[exp(padx — 1)] 


and for the breakdown condition 


y exp (padx — 1) = 1 


contain two coefficients « and y. ‘The first coefficient « 
describes the ionization by electrons and the second coefficient 
y takes into account a number of other mechanisms, namely: 
photoelectric emission from the cathode, photoionization of 
the gas molecules, impact of positive ions at the cathode and 
the ionization by collision of these ions in the gas. 

Provided the ionization coefficient «/p = f(E/p) is known 
with sufficient accuracy for a particular gas, it is not difficult 
to calculate y from the sparking potential, and numerous 
publications have appeared which deal with this coefficient. 
Among the more important should be mentioned those of 
Posin,“) Bowles® and Llewellyn Jones.@) More recently 
this method was applied by Llewellyn Jones and Davies“ 
and Llewellyn Jones and Williams.©) Although it is not 
possible in this way to separate in a reliable manner the 
individual contributions to y due to the different mechanisms, 
the investigations have nevertheless shown the great impor- 
tance of photoemission at the cathode, apart from the ion 
impact at this electrode. 

The ionization of the gas by ion collisions has been 
examined by Loeb, who arrives at the conclusion that the 
contribution to the y-mechanism from this source is not very 
marked. His argument is based on theoretical considerations 
and on the results of experiments with ion-rays, which showed 
no appreciable ionization cross-section when energies below 
about 100 eV were used. (For comprehensive references, see 
Loeb.) A contribution due to this mechanism was reported 
by Townsend and Llewellyn Jones, but with the test 
procedure used it is possible that their results may have been 
affected by ultra-violet irradiation from the ionization 
region. In this connexion the important work by Horton 
and Millest“) should be mentioned, who found that the 
threshold energy for ionization by impact of two equally 
heavy neutral particles (helium atom -> helium atom) was 
exactly twice the normal ionization potential. 
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For the study of ionic collision processes by themselves, 
only experiments using ion-rays are suitable and such experi-)) 
ments were performed as early as 1930, for example by 
Oliphant.®) For low-pressure discharges, however, the ions!) 
involved have extremely small kinetic energies and for such }) 
low-energy ions it becomes extremely difficult to produce rays. 
of sufficient intensities. Hagstrum@® has recently overcome |’ 
these difficulties to a large extent and was able to produce i 
He* rays of energies down to 10 eV. B= |) 

In the experiments described in this paper the disturbi ng | 
influence of photoionization was completely eliminated ani 1s 
it is, therefore, concluded that the observed ionization effec he 
are solely due to ion collisions. Accordingly, it is suggested, 
contrary to the view expressed by Loeb, that in certain cases |i 
ionization in the gas by collisions of ions may be impor t 

Two methods were developed for the investigation of the} 
intensity of the electrons liberated by ion impact and experi-§ 
ments were made with four different ions, which impinged } 
either on very clean or on oxidized copper surfaces. This! 
was done for pressures varying from 5 to 15 mm of mercury. 


a 


, 


D.C..METHOD _ : 
In this method, which is illustrated in Fig. 1(a@), a steady 
Townsend discharge fed from a d.c. supply served as io1 


source. The discharge was maintained between a wire anode! 


ves 


= 
P2 


cmplifier 


a screen grid 
@ ‘t o._s———_~*® 
K 


et 
je 


2S 


om 


‘ 
ieee ue ene 


‘ " <a 
oA OA a 
(a) (b) | 

Fig. 1. . Experimental arrangements = 


A and the concentric cylinder K which formed the cathode. | 
This cylinder was provided with twelve rows of holes trout : 
which ions could escape into the surrounding space. Betwee 1 

two rows of holes copper rods S were arranged and the whole 
system was surrounded by another cylindrical electrode C | 
which served to collect the electrons liberated by the ions 


a 
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ich entered the anular region between K and C. These 
» electrodes were maintained at the same potential, while 
} rods were kept at a negative potential with respect to K 
4) C, which could be varied in order to change the energy 

the impinging ions. In this way a potential barrier was 
ivided between K and C which prevented electrons which 
© photoelectrically released from K and ions which passed 
bugh the holes, from being collected by C. This electrode, 
refore, collected only electrons which were produced 
er at the surface of the rods facing C, or liberated in the 
between S and C. The electrons liberated by ions 
»inging the surface of S opposite to K had no chance of 
ching C. 

‘he electrodes were mounted between two ceramic plates 
| enclosed in a hard-glass cylinder. The whole arrange- 
ht could be heated to 500° C by placing an oven over it. 
geometrical dimensions were found to be not very critical. 
cathode had a diameter of 40 mm and the clearance 
een this electrode and K was about 5mm. With these 
mensions a rod diameter of 1-5mm was found to be 
isfactory. The rods were not arranged mid-way between 
two cylindrical electrodes but slightly nearer to C. A 
Lable pressure range with these dimensions was between 
Ind 20mm of mercury. The potential of the rod is deter- 
sed by the electric field at the rod surface which must be 
-he order of 100 to 500 V/cm. An upper limit to the field 
fet by sparkover from the rods to the cathode. The ion 
ince was operated with currents of 0:5 to 1 x 10-37A 
& the total ion current passing through the twelve rows of 
ss was from 1 to 30 x 10-® A. 

+ ae rods were made of copper, since with this metal the 
zcitions of the surface could be changed conveniently and 
E 4 reproducible manner. Using hydrogen, for example, a 
<k and complete reduction took place at a temperature of 
5° C, whilst an oxygen discharge between A and K deposited 
 gen-ions on the copper surface, so that a very thin oxide 
ft could easily be obtained which was invisible to the eye. 
ureat attention was paid to the purity of the gases used 
| the experiments. Hydrogen was introduced over 
ladium, and argon and nitrogen of high purity were 
plied in high-pressure cylinders. Tests made on samples 
these gases showed that only 10-4°% of other gases were 
jsent. Only the nitrogen content of argon was appreciably 
ater and amounted to approximately 0-:1%. To remove 
adensible admixtures, such as water, the gases were cooled 
ih liquid air before being introduced into the apparatus. 

Because of the chosen layout of the apparatus no direct 
t from the gas discharge reached the rods and the effect 
Hreflected light was small, since ultra-violet light, on which 


»wn in Fig. 1, to reduce the reflexion, holes were provided 
ithe electrode C opposite to those of K. Moreover, for 
rection purposes the photoionization at the surface of S 
hid be independently measured by applying a positive 
tential to C and making S negative with respect to K. No 
is will then pass through K so that a galvanometer connected 
iS will indicate only current produced photoelectrically. 

“or hydrogen, nitrogen and argon only surface photo- 
ictric effects were observed and no volume photoionization. 
ic oxygen, on the other hand, conditions were reversed and 
| surface effect on the rods was negligibly small and the 
itoelectrons produced in the gas between K and C were 
ibreciable. This was shown in the experiments by the 
servation that decreasing the rod potential resulted in a 
idual current from the collector electrode which did not 
‘y with this potential. The explanation is that the volume 
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iptoionization depends, is only weakly reflected. Also, as. 


Electron liberation by low energy ions at metal surfaces and in gases 


photoionization occurs in a region of weak electric field so 
that any electrons produced are not multiplied by gaseous 
1onization. 

Another disturbing effect is due to ionization by collision 
of those electrons which were initially liberated at the surfaces 
of the rods. This will occur as soon as E/p adjacent to S 
exceeds a critical value (assuming that electron liberation 
takes place in proximity of §S). The measured ionization 
yield has been corrected for this effect by subtracting values 
for the electron ionization which were calculated from 
accepted «/p values. [For nitrogen and oxygen the data 
given by Masch“), and for argon those of Penning and 
Kruithoff“"*) were used. The correction for hydrogen was 
more difficult, since the results published by Ayres“!3), 
Fucks and Kettel,“* and Hale“) do not agree very well.] 


IMPULSE METHOD 


With the impulse method the ion source operated only in 
short pulses of about 10~5s duration. As a result, two 
successive current pulses were observed. The first coincided 
with the discharge pulse and is due to photoelectric effects, 
while the second originates from ion collisions and hence is 
delayed by the travelling time of the ions. ] 

The experimental arrangement, which is shown in Fig. 1(b), 
differed from that used in the d.c. method only by the insertion 
of a screen grid of about 8000 meshes/cm? between C and S. 
The purpose of this screen was to eliminate induced charges 
on S due to the voltage pulse. However, the screen captures 
most of the electrons liberated at or near S, and only a small 
fraction of these electrons will reach C. To compensate for 
this loss, a positive potential was applied to C sufficient to 
produce electron multiplication in the gas between C and the 
screen. The gain achieved in this way was determined 
experimentally by replacing one of the rods S by a tungsten 
wire of known thermal] emission intensity, so that a calibration 
could be made. 

An oscillogram of the emission current obtained with the 
impulse method is shown in Fig. 2. As can be seen there are 
two distinctly displaced current pulses. The first pulse, which 
is produced by photoelectric effects is surprisingly high and 
this, no doubt, is due to the presence of the additional screen, 


Fig. 2. Oscillogram of electron yield by impulse method 
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which is exposed to direct radiation coming from the holes 
of K. The second pulse gives a true indication of the ioniza- 
tion yield, which consists both of the electrons liberated 
at the surface as well as those formed in the gas between K 
and C and the screen respectively. 


SEPARATION OF SURFACE AND VOLUME 
IONIZATION 


From the current measurements obtained by either method 
the ionization yield 7 can be derived, which is the number of 
electrons produced per impinging ion. Plotting the value of 
7 against E/p (where Eis the field at the surface of S), graphs 
were obtained, which were of widely different character for 
different ranges of E/p. This difference made it possible to 
distinguish between volume and surface effects, using the 
following considerations. 

(1) The surface effect will depend on the energy of the 
impinging ion, or what amounts to the same, on the E/p 
value at the surface of S. This dependence on E/p is expected 
to be relatively small for small E/p values, when, as in the 
present experiments, the kinetic energy is of the order of 1 eV. 

(2) When 7 is plotted as a function of E/p, neither gas 
pressure nor rod diameter should influence the surface yield. 

(3) Characteristics of different heights are to be expected 
for different surface conditions. 

(4) The volume effect, on the other hand, will make 7 
strongly dependent on E/p, the gas pressure and the rod 
diameter, for the number of collisions will increase with the 
pressure and similarly increasing the rod diameter will 
increase the volume of the region of sufficiently high E/p 
values. The quantity 7/pr (where r is the rod diameter) is 
therefore expected to increase strongly with E/p. However, 
the volume effect should not be affected by the surface 
conditions of the target. 


EXPERIMENTAL RESULTS 


Surface ionization. The yield due to surface ionization 
determined by the above consideration is given in Table 1. 


Table 1. 1 for surface ionization 
1 for 
Kind of ion Energy level clean copper surface oxidized copper surface 
hydrogen <3 10i° 3 510-2 
oxygen — 10.2 
nitrogen ry ~ 10-2 ~ 10-5 
argon ~ 10-2 ~10-4 


As can be seen from this table, for clean as well as oxidized 
copper surfaces, neither oxygen nor hydrogen ions produced 
appreciable surface ionization, whilst nitrogen and argon ions 
were very effective, particularly when clean surfaces were 
used. 

Volume ionization. When the electron yield is plotted as a 
function of E/p as shown in Fig. 3, a sudden change occurs 
at a critical value of E/p. Beyond this value the current due 
to ion collisions increases strongly, and at the same time the 
influence of the surface conditions disappears. As pointed 
out, in this region the electron yield depends on E/p, the gas 
pressure as well as on the rod diameter. 

Keeping E/p constant and varying p or the rod diameter 
results in a proportional variation of the current from which 
it may be concluded that the volume ionization predominates. 
Calculation shows that the corresponding coefficient of 
ionization varies exponentially with E/p and can be written 


290 


in the form A exp (—Bp/E). The value for B in this express iO1 E 
is given in Table 2. It is about 10 or even more times as) 
great as the corresponding values for electrons. ; 
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Table 2. B-coefficient for various gases 


Kind of ions B 
hydrogen 1000 to 1400 
nitrogen 2300 to 2600 
argon 1500 (approx.) 
oxygen 4000 (approx.) 


during collisions of particles having the same weight. Hence 
the experimental results are in agreement with what is to bi 
expected from theoretical considerations. No effectiw) 
ionization can be expected as long as the collisions do no| 
occur with velocities corresponding to at least twice tk 
ionization energy. 
For the coefficient A in the above expression, no reliab 
values can be given at present. However, the results so fa. 
obtained seem to indicate that the A-values for ions ar) 
smaller than, or at most equal to the corresponding A-value} 
for electrons. q 
It is as yet not possible to state definitely whether the volum)) 
ionization is due to direct ion collision or whether it is causer} 
by an electron exchange mechanism (Wolf,¢® Kallmann ani) 
Rosen”), According to this the ions gain energy durin 
their flight in the electric field and become neutralized b| 
resonant electron exchange and finally liberate electrons b} 
impinging as neutral particles. Several investigators!’ 2) ar} 
inclined to contribute the bulk of the ionization by ion impac} 
to such a two-stage mechanism, since from theoretical con} 
siderations, this would require less energy than a single-stag} 
mechanism. é 
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the basis of their frequency response“-4) and the deriva- 
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ibcesses is still in its infancy, it is usual to measure the 
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hod is to inject small sinusoidal signals of various fre- 
encies and measure the attenuation and phase lag of the 
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fis is the most accurate method, but it calls for special 
hipment to generate pneumatic sine waves at very low 
\quencies, © 
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ecord of the time response of the system to a sudden change 
input. Since the time and frequency response functions are 
lited by a Fourier transform it is then possible to derive the 
ter from the former. This procedure requires no special 
llipment, but the results depend rather critically on the 
I ct shape of the recorded response curve, which is usually 
itorted by extraneous disturbances.©) Furthermore, con- 
erable computational work is necessary, although a number 
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The square wave response method of analysing process ‘ 
control systems 


By L. MANDEL, B.Sc., Ph.D., A.Inst.P.,* Imperial Chemical Industries Ltd., Welwyn, Herts 
[Paper first received 21 February, and in final form 18 April, 1955] 


The response of a process to a periodic square wave train isexamined. By introducing parameters 

analogous to attenuation and phase lag and making certain approximations, it is shown how 

the frequency response may be derived from the square wave response with little computation. 

The technique is seen to have much of the accuracy of the direct sinusoidal method, but requires 
no special signal-generating equipment. 


of simplifications involving numerical approximations‘7-10) 
or the use of the planimeter“!) have been suggested. 

The square wave method of analysis seeks to combine the 
directness and greater accuracy of the first procedure with the 
experimental simplicity of the second. It calls for no equip- 
ment other than the usual recorder and appears to have been 
first seriously put forward by Bane.“?) The frequency 
response function has, of course, to be derived from the 
measured square wave response. Unfortunately, the exact 
relationship is rather complicated and leads to considerable 
computational work. 

In this paper an attempt is made to simplify the approach 
by introducing two parameters analogous to attenuation and 
phase lag and making certain approximations. The formulae 
then allow the frequency response to be rapidly computed 
from these parameters. The analysis will be confined to 
systems the responses of which decrease with increasing 
frequency, but it is thought that there are few processes which 
do not satisfy this condition. 


THE PRINCIPLE OF SQUARE WAVE ANALYSIS 


In this method repeated step changes in the form of a 
square wave train are injected into the process [Fig. 1(q)], 
for example, by setting a control valve alternately above and 
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below its normal working point. After a few cycles the 
process output becomes stationary, with a waveform depend- 
ing on the repetition rate. The problem is then to relate this 
waveform at different periods to the sinusoidal response 
function. 

At very low frequencies the output clearly consists of 
alternate positive and negative process reaction curves [e.g. 
as in Fig. 1(6)]. But, as the frequency is raised, the response 
generally tends to become increasingly sinusoidal [see 
Fig. 1()]. The Fourier series corresponding to the waveform 
of Fig. 1(a) has the form: 
he ee (1) 


TT n=1, 3,etc. n 


ie. it consists of a fundamental with period T= 27/w, 
together with odd harmonics of gradually diminishing ampli- 
tude. And, since the process is assumed to attenuate the 
higher frequencies increasingly, the fundamental is dominant 
in the output. 
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Fig. 1. Illustrating the definitions of response amplitude 


and phase lag 


Between these frequency extremes lies the region of greatest 
interest, in which the waveform is approximately sinusoidal 
with some harmonic distortion. In the following sections we 
shall obtain some approximate formulae for the sinusoidal 
response function which take due note of this distortion. 
But first it will be necessary to derive an exact relationship 
between the sinusoidal and square wave responses. 


ITERATIVE DERIVATION OF THE EXACT SERIES 


Let the input g(w, ¢) to the process be a rectangular wave 
train, with zero mean and period T = 27/w, as shown in 
Fig. 1(a). Then this will be represented by the Fourier 
series (1). At this point it is convenient to introduce an 
abbreviated notation using subscripts, by writing g(mw, t) as 
g,(t), ete. 
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When the initial transients have died down and the proces 
output is stationary, it will be given by: i 
fea) 

forafo=2 3 “sin@ror— 4) @ 

They Sere o - i] 

where A(w) and d(w) (or A, and ¢,) are the sinusoida} 
response amplitude and phase lag at the frequency w 27) 
[Fig. 1(d)]. ae: | 

We now postulate that A(w) +0 with increasing w ajf 
least as quickly as 1/w, so that the successive terms in the) 
series (2) decrease fairly rapidly. In the language of procest® 
control this will normally imply that the process contains a’% 
least one exponential stage, or, if it has no inherent self) 
regulation, the equivalent of at least one integration. 

We require to transform equation (2) into a relationshifié 
between A,, ¢, and the f,’s and it is instructive to derive thily 
by an iterative procedure, although a more rigorous proof if 
given later. The iteration will help to draw attention to the. 
level of the subsequent approximations. 

If we first neglect the higher harmonics in equation (2), we}, 
have approximately: R) 


(2/7) A, sin (wt — o\) = A 
and hence also: q 
(2/7)A, sin (nwt — $,) ~ f(t) (3. 


This relation (3) can now be used to obtain approximate 
values of the higher order terms in equation (2) and hence t¢ 
derive a better estimate of A, sin (wt — ¢,). Thus: 


A 2 eee | 
f= =A4,sin(ot—4o) += Y —*sin rot — %,) 4 
a TT n=3,5,... n ; 
and therefore, | 
D; 3 co i t f 
—A, sin(wt— 46) ~fO- > ft) (4 
sas n=3,5,... 70 ae 
From equation (4) it now follows that: 
2 co 
An sin(rwt —¢, ~f,O—-— > oe 


r=3,5,... 


and this improved estimate of the higher harmonics in thef 
series (2) can again be substituted to give a still better approxi-f 
mation to A, sin (wt — ¢,). By proceeding thus iteratively 
we obtain finally: 


2 sinter <t) = fa 
z b=3,5,00 
Sy IO SS Ss SiO 
=e Rae ik ee 
ieee. ij ee = +, etc (Ss 


We have therefore derived a relation between A,, ¢, anc 
the square wave response at different frequencies, which hold¢! 
at all times ¢. The equation looks formidable, but, in view o: 
the initial assumptions, the individual terms of each series, 
and more particularly the successive sums, decrease rapidly. — 

It should be understood that, although equation (5) was 
obtained by a process of successive approximation, it holds 
exactly. The proof of the convergence of the series and a 
formal derivation are given in the Appendix. 


THE SQUARE WAVE RESPONSE PARAMETERS 


Equation (5) allows A, and ¢, to be calculated, but it 
presumes a knowledge of the functions f,(¢) at least at certain) 
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xed times ¢. These will correspond to different phases for 
ihe different f(t) and since, ultimately, A and f are to be 
determined over a whole range of frequencies, it is virtually 
Irue to say that the complete functions f(t) need to be known. 
his involves recording and making repeated measurements 
pf all the square wave response functions and leads to many 
bf the disadvantages of the step response method of analysis. 
From an experimental point of view it would be more 
satisfactory to measure only certain easily identifiable 
parameters, such as the maximum amplitude of the waveform, 
nd to compute A and ¢ from these. This will, in general, 
jead to rather more complicated analytic .relationships. 
ji owever, if the experimental accuracy is such that approxi- 
mations can be tolerated, it is possible to introduce con- 
siderable simplifications into the formulae. 
_ We shall define two parameters which are analogous to the 
amplitude and phase lag normally associated with sine waves. 
Let P(w) be the maximum amplitude of the output at the 
srequency w/27r, when the input is of unit amplitude [Figs. 
(bd) and (c)]. Let B(w) be the lag, expressed in radians, 
petween the mean crossover points of the output and input 
fvaveforms [Figs. 1(6) and (c)]. These quantities can be 
measured with an accuracy not very much worse than for 
bine waves and we shall now show how good approximations 


iGo A(w) and ¢(w) may be derived from measurements of 
“{w) and B(w). 


THE APPROXIMATION SERIES FOR A AND d 


From the approximate equation (3), f,(t) has the maximum 
Hulue (2/7)A, and is zero at time t= ¢,/(nw). But, by 
efinition, these quantities are $P, and B,/nw respectively. 
‘dence we have: 


f(D) = $P,, sin (nwt — B,) (6) 


We now substitute this approximation for f,{t) into the 
exact series (5) for all nm except n = 1. Thus: 


eter ope hob Ss sin Gor — 8) 


i=3,5,... 


ae Dy Pain Gent 6, ae cic. 0) 
Diz By Ds eect, : : 
Now let ¢ = f,/w. Since, by definition, f,(8,/w) = 0, we 
obtain 
} CO. P. : j 
b, ~ B, + sin-1( 7) Sr a! sin G8, = 8) 
"vibe Ceara dk 
4 ice) ioe) P,, : = 
oy sin. G88.) cc. (8) 
f= 3555 We, 


It is worth noting that, to a first approximation, ¢, = f, 
and that the subsequent series which has been approximated 
(represents a correction. The only unknown in the equation 
is A, but, since the term involving A, is a correcting term and 
fence small, it is adequate to use the simple approximation 
HA, ~ (7/4)P,, so that finally, 


kw a th sin U8, — BD 
eet! Pilate. Pe 

: CEES a ieee 

aes > » ab} sim iB, om Bi) eta oN ARE (9) 
B= 3s Saeed, 

Thus, at any chosen frequency w, ¢ is derivable from measure- 

ments of P and f at w and odd multiples of w. In practice, 
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P and 6 would be plotted against frequency and the appro- 
priate values read off from the graph. 

There remains the problem of finding Ay. Let fi) = 4P, 
when wt = «,. Then, from equation (7): 


a ; 


NiR 


Pa 

sy = sin (io, — 8) 

5 
foe) CoO Px . : 

Resa ea) sin Ge, — By) — .. ., ete. (10) 
i SO Siite 


This series depends on a knowledge of a1, 1.e. the position of 
the output peak, which is generally less easy to measure than 
the position of the zero B,. However, if we assume an 
approximately sinusoidal output waveform, we can put 
a, ~ 8; + (7/2). This substitution will not affect the 
dominant term $P, on the right-hand side of equation (10), 
but only the subsequent terms which are essentially corrections. 
The left-hand side now reduces to (2/7)A, cos (8, — ¢,) and, 
since 8; ~ ¢, and the cosine is very nearly unity for small 
arguments, this simplifies to (2/7)A,. Hence, finally: 


<0 P; 
Oot 
omc) + Pi 
+ EE (e-yrYeos 8, —B,) —....¢e.} A) 
UJ Oy ees 


For convenience, the first half-dozen terms of the two 
series (9) and (11) are given in full below, but, with experi- 
mental accuracies of a few per cent, two or three terms will 
usually suffice. The series themselves are, of course, approxi- 
mate and the summation of too many terms only leads to a 
spurious impression of accuracy. 


o,~ By +sin“1 5 |) sin 38, — 3) +2 sin (58, — 85) 
1 


Py. aren 
+ sin G8, — 67) + a: sin (118; — B,,) 


+ oe sin.(138;, = 9B y4).. | (12) 
He ae + = cos (3B, a B3) a 2 COS (SB, Te Bs) 
+ eos (78, — By) + “cos (1B, — By) 
P13 ae (13) 
~ aR 088 (138, — By3)... 


When the process under examination attenuates the higher 
frequencies so rapidly that the output is nearly sinusoidal, it 
will be found that the successive amplitudes P,, P3, Ps, etc., 
decrease very quickly. In that case it follows from the 
equations that: ¢, ~ 8, and A, ~ (7/4)P;, so that the 
results of this method are as direct as those of a sinusoidal 
analysis. é 


THE ACCURACY OF THE APPROXIMATION 


In view of the several approximations involved in the 
derivation of the series (12) and (13), it is important to have 
some measure of the errors. Unfortunately, these are not 
easy to evaluate analytically and the expressions lead to 
considerable numerical work in each case. A more straight- 
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forward procedure is to calculate the errors in an example in 
which the approximations are known to be particularly weak. 

The basis of the approximations is the rapid attenuation 
of the higher frequencies by the process; in other words, the 
square wave response is assumed to be roughly sinusoidal. 
The less rapid the attenuation, the greater are the expected 
errors. Since we have postulated that the frequency response 
falls off at least as 1/w, it seems likely that the approximations 
will be weakest for a process consisting of a single exponential 
stage. The high frequency response then tends to zero as 
1/w, while the square wave response tends to become 
triangular with increasing w. 

Fortunately, it is not difficult to compute the output 
f(q, t) for such a stage with given time constant 7 and hence 
to derive the functions P(w) and B(w). If h(t) is the response 
to a single step and nT < t< (n+ 4)T, then 


tht) +S [Att rT) —A(t —r—4T 


tt 


fw, = )} 4) 


It is well known that A(t) = 1 — exp (—t/7) and, on sub- 
stituting t = x + nT and letting n - co, we obtain: 


exp (— x/T) 
1 + exp (— 7/27) 
This function has its maximum value $P(w) when x = 47 


and it is zero when 2exp(—x/7T) = 1 + exp (—7/27). 
Thus, on replacing T by 27/w, we have finally: 


(15) 


flw,)=5 


2 exp (— 7/w7) 
iP =|—- 
(w) , SS as (16) 
and B(w) = wr log (17) 
1 + exp (— z/w7) 
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Fig. 2. Illustrating the accuracy of the approximation 


for a single transfer stage 
(Values calculated from the series are shown as circles.) 
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These functions are plotted as broken curves in Fig. 2. Alsi , 
shown as full curves are the well-known sinusoidal respons t 


functions: 
A(w) = Af/(b + w? 77) 
p(w) = 


We can now attempt to derive the forms (18) and (19) 
from the functions (16) and (17) by the use of the series (12) 
and (13). The series cqnverge relatively slowly for a singlif 
exponential stage and, occasionally, more than six terms ary 
required. The calculated points are shown by the circles iy 
Fig. 2. It will be seen that the phase angles agree ver} 
reasonably with the theoretical curve, but the weaker approxi} 
mations involved in deriving equation (11) are reflected in e if 
lower accuracy of the calculated amplitudes. yy 

However, when we consider the very formidable test im) 
posed on the formulae (the response is at no time even roughl & 
sinusoidal), the resulting accuracy appears reasonable. It i 
probably fair to say that the errors of the approximation wil 
never be greater and generally very much less. In practices 
there will of course be experimental errors of measuremen 
and these will normally be the more significant. 


and tan—! (w7) 


TWO EXAMPLES OF THE METHOD APPLIED IN 
PRACTICE 


As the technique must ultimately prove its value in practice 
it was decided to analyse two small pneumatic model plant 
by injecting both sinusoidal and rectangular pressure signals 
These plants consisted of up to four non-interacting transfe 
stages, which were synthesized by combinations of needl’ 
valves and air chambers. The details are shown in Fig. 3; 


{ 


dir supply: 


Fig. 3. The experimental set up for the analysis of the 
model plants 


V, needle valve; C, air chamber; R, pneumatic relay; 
S, pneumatic signal generator; P, two-pen chart recorder. 


function of which was to isolate the sae and reproduce a 


. low impedance the pressure at the relay input. 


pneumatic signals of varying frequency, but also served as < 
convenient waveform recorder in both tests. 
make the two experiments strictly comparable the plants were 
driven from the same source at all times and the rectangulai 
input signals were generated by resetting the mean analyser 
output level at regular intervals. The following combinations 
of transfer stages were chosen: ; 


(a) two stages with equal time constants of one minute 
which we shall call plant I; 
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(b) four Stages with time constants in geometric pro- 
"gression, namely four minutes, two minutes, one minute, 
half minute, which we shall call plant II. 


Fig. 4 shows two actual records of the rectangular wave 
response of model plant II. The first one is a typical low- 
requency response in which alternate half-cycles resemble the 
tep response curve. The second record illustrates the 
sinusoidal form of the output at higher frequencies. 


| Fig. 4. Typical response curves of model plant II 


| The results of the measurements are contained in Figs. 5 
jand 6. The broken curves connect the experimental points 
| obtained from the rectangular wave analysis and the full 
curves the corresponding points for sine waves. It will be 
| seen that the two methods yield very similar phase angles and 
| indeed, the results were practically indistinguishable for model 
| plant II. Only the measured angles ¢ are therefore shown 
in Fig. 6. 
| The application of equations (12) and (13) yielded the values 
| shown as open circles in Figs. 5 and 6. For the majority of 
points the corrections embodied in the series were, in fact, 
negligible. Except at very low frequencies, when there is 
virtually no attenuation and the rectangular wave response is 
/not even remotely sinusoidal, the results show good agree- 
‘ment. When due note is taken of the decreasing accuracy of 
|measurement (particularly phase angles) with increasing 
| frequency, it is probably fair to attribute any differences 
| between the measured and calculated values at the upper 
frequencies to experimental errors. In ‘the analysis of real 
processes the measurements are complicated by disturbances 
superimposed on the signals and, in such cases, the inaccuracies 
of measurement will undoubtedly predominate. 
| Finally, it should be stressed that, although a pneumatic 
| signal generator was used for all the above tests, the multiple 
"step response analysis can be performed simply by adjusting 
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Fig. 6. The experimental and the derived response of 


model plant II 


(Values calculated from the series are shown as circles.) 
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a control valve at the plant input. The only additional 


equipment required is a watch. 


CONCLUSIONS 


The square wave response method of analysing processes 
has been described. It has been demonstrated to have much 
of the directness and accuracy of the frequency response 
technique, without demanding special pneumatic signal 
generating equipment. 

By introducing two easily measured parameters analogous 
to amplitude and phase lag, it has been shown that the 
frequency response function may be simply obtained from the 
square wave response with little calculation. In particular, 
the two methods of analysis become equivalent when the 
plant output tends to a sinusoidal form with increasing 
frequency. 
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APPENDIX 


The formal proof of equation (5). We begin by postulating 
that A, < c/n for all positive integral values of n and then} 
show that f,( is bounded. From equation (2): 


f(t) = & Soe sin Cr 3) (20) 
R= be See “i 
2c oo 1 7C 
ee Ye 21 
7M oe r? n 


Consider now the (s + 1)th term 7(s + 1) as written in | 
equation (5). This is given by: 

t ee 

T(s+1)= pS SF ee a0 (22)8 


i,j, ky...S= 3, Ssa A 
and, using the ee (21)34 


Te 2 @ (ee) 1] 
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It follows that the series (5) converges. To prove the 
relation we divide the summation (20) into two parts, namely:} 


f(D = ad, sin (nwt — sin (rnwt — a) 


2 ee Ari 


T= 
and then substitute in expression (22). Thus: 
D: co. 90 co Asie es 
Ist) === Saas yee = Sin (ijk. . wot — bi 
Thy open eee oe ee 
+2 33)... Sy Slee sink. sro dp ay 
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(24): 


On summing the terms 7(s + 1) with due regard to sign } 
according to the right-hand side of equation (5) we find that | 
the first part of 7(s + 1) cancels the second part of 7 (s), 
etc. Finally there remains: 


— $) 


¢,) from equation (2). 
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and this equals (2/77)A, sin (wt — 
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Advances in electinntes and electron physics, Vol. 6. Edited 
by L. Marton. (London: Academic Books Ltd.; 
New York: Academic Press Inc., 1955). Pp. xi + 538. 
Price $11.80. 


\One looks forward, each year, to the issue of these valuable 
‘reviews, but a high price has to be paid for adding this year’s 
jivolume to the series. The title has been extended by the 
addition of “electron physics,” which brings it more into line 
jwith the normal subject matter of the volumes. 

_At high frequencies a superconductor is no longer without 
resistance and even in non-superconductors, where the 
electronic free path is large (i.e. at low temperatures), 
fanomalous effects occur. These are reviewed by A. B. 
‘Pippard in “Metallic conduction at high frequencies and 
liow temperatures.” W. M. Webster, in ““A comparison of 
fanalogous semiconductor and gaseous electronics devices” 
rsets out to show that transistors (notably of the junction- 
Hype) are more analogous to gas tubes than to vacuum valves: 
comparisons are made between conduction processes in, and 
the electrical ratings of, existing devices. The behaviour of 
}space-charge-limited currents has been investigated generally, 
only in cases which are simplified: H. F. Ivey in ‘“‘Space 
ncharge limited currents” summarizes these results and points 
;out the large number of problems still awaiting solution. 
“The electron microscope—a review,” by M. E. Haine, 
‘sutlines the present state of knowledge of the instrument 
‘apart from its applications) and indicates where further 
improvements may yet be sought. R. G. E. Hutter, in 
““Travelling-wave tubes,” deals with them on the basis of a 
} simple theory permitting common, as well as distinctive, 
| Nie Fires of the various members of the family to be brought 
}} Out. 

| There are three articles on magnetism; the first, by E 
HAbrahams, deals with “Relaxation processes in ferro- 
(magnetism, whilst J. Smit and H. P. J. Wijn discuss the 
“Physical properties of ferrites.” It is.only fitting that a 
ireview article on these types of ferromagnetic materials should 
icome from the Philips Research Laboratories where the 
modern work on them originated. Lastly, J. Van den Handel, 
lin ‘“‘Paramagnetism,” outlines experimental methods, gives 
results on certain materials and follows with theoretical treat- 
ments of the various magnetic phenomena. 
A. J. MADDOCK 


By J. T. McGrREGoR-MorkrIs. 


iThe inventor of the valve. 
1954.) Pp. 141. 


(London: The Television Society, 
Price 10s. 

This little book is a valuable factual summary of Sir Ambrose 
Fleming’ s life and achievements, spanning the years from his 
fearly days with Guthrie and Maxwell up to the time of his 
last scientific communication, which was to the Physical 
iSociety in 1939, when he was ninety-two. Fleming’s fame will 
irest mainly on his introduction of the thermionic diode into 
iwireless telegraphy, but the author makes it clear how even 
jwithout this Fleming will be regarded as one of the foremost 
iscientist-engineers of his time. In spite of his high admiration 
ithe author does not quite bring to life Fleming the man, but 
ithis deficiency is largely made good by the reproduction as 
Han appendix of Arthur Blok’s Third Fleming Memorial 
Lecture, delivered in 1948. D. H. Fo.ietr 
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New books 


Dielectric materials and applications. Edited by A. R. 
VON HippeL. (Published jointly by The Technology 
Press of the Massachusetts Institute of Technology, 
John Wiley and Sons, Inc., New York, and Chapman and 
Hall Ltd., London, 1955.) Pp. xii + 438. Price 140s. 


The avowed aim of this book is the description of macro- 
scopic dielectric phenomena, their interpretation by molecular — 
theory, their measurement, and the properties and applica- 
tions of present-day dielectric materials. So ambitious a 
programme is rather beyond the scope even of nearly 450 
large-sized pages from 22 distinguished contributors. About 
a third of the book is devoted to the tables of dielectric 
materials which have appeared in various forms and parts 
over some 10 years, but are here brought up to date and given 
completely. Admittedly all such tables have limitations in 
that it is difficult to specify unambiguously materials like 
dielectrics, new materials or new variants continually appear 
and it is impracticable to give anything more than indicative 
values for every dielectric. This last difficulty has to a large 
extent been overcome by listing some 600 materials with their 
permittivities and loss tangents at a number of frequencies in 
decades and at room temperature, sometimes two or, rarely, 
more temperatures. The list is supplemented by curves which 
give the same properties of nearly 60 typical dielectrics over 
a range of temperature at various frequencies. It is hard to 
improve on this method of presentation of a unique and 
impressive compilation. 

In the remaining two-thirds of the book the first chapter by 
Professor von Hippel, the Editor, provides a brief and 
elementary survey of macroscopic properties, in which the 
sections on waves are more interesting, and a survey of the 
theory of dielectric structure in relation to these properties, 
including ferro-electricity. This chapter is a mixture of very 
elementary first principles on the one hand and on the other 
hand some valuable observations on the introduction of 
quantum mechanics and other advanced concepts. Chapter 2 
on dielectric measuring techniques is too cursory in the lower 
ranges of frequency or on magnetic permeability where 
methods are fairly well established, but contains more lengthy 
and attractive discussions on measurements at the very high 
frequencies and also on microwave spectrometry and magnetic 
resonance. Chapter 3 is in three parts. Part A comprises 
sections on gases, liquids, plastics and ceramics, which are 
detailed within a narrow range so as to approach contributed 
articles rather than parts of a book. Part B considers in a 
brief but competent manner the use of dielectrics in power 
equipment, such as transformers, switchgear, capacitors and 
machines, in electronic equipment, in capacitors for light- 
current equipment, and in cables. Part C enters the field of 
semi-conductors by short notes on rectifiers, returns to 
dielectrics with piezo-electric transducers and resonators, 
goes to magnetism with the magnetic amplifier and comes 
back again with the dielectric amplifier: similarly a final 
section on memory devices includes both magnetic and 
dielectric methods. Chapter 4, the last of the book proper, 
mentions some special requirements in dielectrics for the air 
force, army and navy. It is very brief because little can, of 
course, be disclosed. For this reason the chapter is rather 
scrappy, but it gives an indication of the onerous demands 
which fighting services make and often manage to secure. 
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This book is very uneven in its treatment and is, therefore, 
but too easy to criticize. It is hardly suitable nor is it probably 
intended for general consumption but, regarded as a work of 
reference, the tables of dielectric materials (separately indexed) 
would alone earn it a place on the shelves of any library or 
private collection which includes the subject of dielectrics. 
In addition, a reader new to the subject will gain quite a good 
general picture of dielectrics in theory and practice and the 
informed reader is likely to find quite a few stimulating ideas. 

S. WHITEHEAD 


Nuclear physics. By Avex E. S. GREEN. (London: McGraw- 
Hill Publishing Co. Ltd., 1955.) Pp. xv + 535. Price 
64s. 6d. 


This book presents a thorough and detailed account of the 
physics of atomic nuclei. The approach is that of a theo- 
retician: only about one-fifth of the book is devoted to a 
description of experimental methods (which is clear and 
competent and sufficiently detailed for the purpose). But in 
most other parts, if you open the book at random, you find 
a good deal of quantum mechanical formalism. For those 
who are not familiar with this, the first chapter, giving an 
introduction into relativity theory and atomic physics, will 
be very welcome; but it would be a bold student who tried 
to work through this book from cover to cover. However, it 
should be a most valuable companion to a lecturer preparing 
a course in nuclear physics or to an experimenter wishing to 
look up a point in theory. It is all pure physics, no appli- 
cations; for instance, the fission process is discussed in great 
detail, but only a couple of pages are given to chain reactions. 
The treatment of nuclear models is fairly up-to-date, but the 
collective model is only briefly mentioned. All the same, the 
book contains a great deal of detailed and valuable informa- 
tion and is on the whole well-balanced and likely to be of 
lasting value. O. R. FRISCH 


Linearized theory of steady high-speed flow. By G. N. 
Warp. (London: Cambridge University Press, 1955.) 
Pp. xv + 243. Price 30s. 


This book is the third to be published in the new series of 
Cambridge monographs on mechanics and applied mathe- 
matics. One of the reviewers of the high-speed flow volumes 
of modern developments in fluid dynamics, to which 
Professor Ward contributed the chapter on approximate 
methods, spoke of a vision he had had in which the authors 
had been allowed to forget about the space restrictions 
imposed on them in a composite work. One feels that, in 
writing this book on what is after all only part of the material 
of his chapter, Professor Ward has been able to go some way 
towards the realization of this vision. 

In his preface the author says that the possibility of working 
entirely in terms of the particle velocity appealed to him as 
“giving a more physically satisfying approach to the subject 
than to work in terms of potentials,’ and he adds that “‘it 
turns out that this approach has many advantages over the 
more conventional treatment, and actually simplifies the 
analysis in many cases.” I must say that I found this notation 
eminently satisfying and I entirely applaud the author’s 
decision. 

The book is a book of methods rather than of specific 
results for particular shapes. The reader who wants such 
results is referred to the original papers which are set out in 
a bibliography at the end of the book. Briefly the contents 
are as follows: in Part 1, after an introductory chapter dealing 
with the linearization of the equations, the author goes on to 
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consider the general solutions of the linearized equations of | 
subsonic and supersonic flow, boundary conditions, aero- ii} 
dynamic forces and uniqueness and flow-reversal theorems. if 
Part 2, which deals with special methods, lays emphasis on} 
subsonic flow past thin bodies, supersonic flow past nearly} 
plane wings, cone fields and the application of operational fj 
methods to supersonic flow. The final part (Part 3) is devoted} 
to the flow past slender bodies at both subsonic and super-¥# 
sonic speeds. The author has firmly put on one side what } 
must have been a considerable temptation to say something 
about higher order approximations. It is in fact only when 
he discusses slender bodies, when the higher order terms areg 
of paramount importance, that he permits himself, andi 
obviously quite rightly, to depart from the strictest inter-() 
pretation of his title. Fe 

The whole book in the reviewer’s opinion forms a very 
satisfying work; it is relatively short and yet it contains thei 
essence of the important contributions to the theory. The 
author is to be congratulated on producing a work which is 
eminently suited to the properly equipped beginner as well as 
being stimulating to the established worker. 

L. HOWARTH 


Progress in low temperature physics. Edited by C. J. GORTER. 
(Amsterdam: North-Holland Publishing Co., 1955.)) 
Pp. xii + 418. Price 61s. (30.50 guilders). 


This book consists of eighteen articles on various aspects of: 
low temperature physics, each written by a worker actively 
engaged in the work he describes. It gives a very good 
picture of many recent developments, particularly in the} 
three main fields of magnetism, liquid helium and super-} 
conductivity. | 
As is perhaps not surprising in a work produced by so} 
many authors, the general impression is of a collection of 
papers rather than a volume dealing with its subject in a 
methodical manner. However, this is probably the inevitable 
result of the ever increasing scope of the low temperature] 
field. 
With the notable exception of Feynman’s paper on liquid 
helium, most of the articles either review or recapitulate work 
already published. In the latter case, the result is often a 
much clearer account than has appeared previously. How- | 
ever, the great merit of the book is that it is a veritable mine | 
of information for anyone interested in this field. There are, 
for example, over 800 references in it. 
The book is well produced, and the price quite reasonable. 
There is no doubt that it will be a valuable addition to the 
library of all low temperature physicists. J. WILKS 
Behaviour of metals under impulsive loads. By JoHN S. 
RINEHART and JOHN PEARSON. (Cleveland, Ohio: 
eres Society for Metals, 1954.) Pp. 256. Price, 
$5.50. 


Although research workers in this field have been quite actives 
for some considerable time and particularly in recent years,} 
there has been a surprising lack of authoritative books on the! 
subject. Therefore any new book which adequately fulfils 
this need is to be welcomed. 

The present book attempts to be comprehensive in scope,’ 
covering both physical and engineering aspects and con- 
sequently most topics are only treated in a broad, general! 
way. Whilst the specialist in any particular aspect of the! 
field will be disappointed by the brevity and generality off 
treatment, other readers will find this book useful as a broad* 
survey of the subject. Whilst this kind of treatment is’ 
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unavoidable in a book of limited size, the reviewer feels that 
lome chapters such as those on ‘“‘Explosives and explosions” 
ind “The practical application of explosives” could have been 
pmitted without great loss and replaced by a more compre- 
mensive treatment of the more relevant aspects of the subject 
ind particularly of the recent work on such topics as delayed 
rielding and plastic wave propagation in pre-strained materials 
hich are scarcely mentioned. 

: _ The book is in general well written and reproduced although 
improvements could be effected in the arrangement of the 
Hiext which is heavily biased on explosives research. How- 
ver, despite its shortcomings, it does provide a good intro- 
jiluction to the subject and is a useful reference book containing 
some 250 references which enable any particular topic to be 
Hiollowed up. The approach to the subject given in this book 
s largely experimental and in many senses it is complementary 
10 H. Kolsky’s book Stress waves in solids. The chapters 
slevoted to the survey of the experimental techniques used in 
§:his field will be of particular interest to experimentalists and 
lire perhaps the best in the book. Hear )e PUGH 


roceedings of the third meeting of the joint commission 
on radiometeorology. Published by Union Radio- 
Scientifique International, 42 Rue des Minimes, Brussels 
(1955). Pp. 30. Price 4s. 


I; his report on a meeting of the commission, held at Brussels 
>a 1954, gives a brief account of the discussions on fluctua- 
Fions of properties of the atmosphere affecting radio pro- 
wagation, the diffusion of radio waves, refractive index 
»rofiles and ray theory, the use of radar in precipitation 
studies and the location of thunderstorms by direction- 
lending and analyses of atmospherics. The report concludes 
»vith recommendations for further activities, and the need for 
exchange of ideas by radio scientists, meteorologists and other 
shysicists is emphasized. F. J. SCRASE 


‘The gyroscope applied. By K. I. T. RicHARDSON, M.A. 
| (London: Hutchinson and Co. (Publishers) Ltd., 1954.) 
Pp. 384. Price 30s. 


[The purpose of this book, to quote from the preface, is to 
explain the theory of the gyroscope in a manner under- 
standable by all with any interest in the subject, and the 
book itself is a revised and much-expanded issue, by one 
author, of the well-known book The gyroscope and its 
iapplications published in i946. The present issue is excellently 
printed and illustrated and is at a price which, by modern 
istandards, is very reasonable. ; 

The book explains practically all the ““commercial” appli- 
ications of gyroscopes and is sub-divided appropriately, about 
lhalf of it being devoted to their various aeronautical appli- 
This is no doubt in keeping with the relative 
jimportance of such applications in these days, but it is a 
little salutary to one of the old school to note the correspond- 
ling reduction in the space devoted to the marine gyroscopic 
icompass and to the numerous problems, such as the over- 
coming of the “‘inter-cardinal error,” which had to be faced 
jin the early days in designing this compass. However, it is 
probably felt by the author that this aspect has been fully 
itreated hitherto in the standard works of Rawlings and Ferry. 
| In order that the book may be made of interest to a wide 
ivariety of readers, considerable space is devoted to elementary 
f explanations of the action of the gyroscope and to elementary 
h mathematics which will of course be familiar to physicists. 
Despite this it is felt that to non-physicists the descriptive 
‘matter would in some cases be somewhat difficult to follow, 
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and this especially relates to the section dealing with automatic 
pilots for aircraft, necessarily complicated as the latter are. 
Nevertheless, this minor criticism does not detract from an 
otherwise excellent work upon which the author and publishers 
are to be congratulated. W. G. Birp 


Engineering dynamics, Vol. 1, Theory of elasticity: analytical 
and experimental methods. By Prof. C. B. BreEzENOo and 
Prof. R. GRAMMEL. (London and Glasgow: Blackie and 
Sons Ltd., 1955.) Pp. viii + 307. Price 50s. 


In this English translation no major revision has been 
attempted. The treatment of the laws of elastomechanics is 
still extremely pedestrian. The cautionary remarks on 
uniqueness theorems, and the treatment of St. Venant’s 
principle, both very welcome, are still new to English text 
books. 

The most serious weakness of the book lies probably in 
the section on two-dimensional stress functions. The authors 
deal very inadequately with generalized plane stress under 
the heading “‘the plane state of stress,” and add still further 
to the confusion by referring to “Filon’s generalized plane 
stresses and strains.” The student will find it very difficult 
to distinguish between plane stress which involves three space 
co-ordinates, and generalized plane stress, and the often 
analagous plane strain each of which involves only two. 
Also, the consideration of the shear centre is very superficial. 
It is not shown that V = V; + V, is a possible condition, 
nor is it shown that this relation is the condition for minimum 
strain energy. 

Part 3 on methods of solution is of immense scope and 
though necessarily incomplete is of a high standard. The 
description of the photoelastic method is highly theoretical. 
It contains no reference to the methods mainly in use at the 
present, and the discussion on the merits of glass or Bakelite 
has a pleasant old-fashioned ring. 

References are adequate and up to date. The book is well 
produced, with few printer’s errors, but a fuller index would 
have increased its value. C,. SNELL 


Optical properties of thin solid films. By O. S. HEAVENS, 
Ph.D. (London: Butterworths Scientific Publications, 
1955) p vile 2 6 le Price 855° 


At this moment advances in the science of thin solid films 
are still being made at a rate which Dr. Heavens himself 
would characteristically call alarming. His success in covering 
so thoroughly the groundwork of his subject and in presenting 
so fully the most modern developments of theory and practice 
is all the more praiseworthy. 

The style of writing is pleasant, and is particularly 
appreciated in the excellent chapter on theory and methods 
of calculation (but surely table 4.1 is in error—the reflectivity 
of a supported A/2 film is independent of its refractive index). 
Equal weight is given to methods of measurement of film 
thickness and optical constants, the results of these measure- 
ments, and the practical applications of films. Film structure 
is ostensibly dealt with in Chapter 3 on microscopical and 
electron diffraction evidence; perhaps in the next edition it 
might be made clear at that point that much important 
information is also derived from the optical measurements 
analysed in Chapter 6. The opportunity might also be taken 
to reconcile apparent contradictions in the various’ assess- 
ments of the degree of mobility of condensed atoms. 

The whole subject has been skillfully compressed into a 
well-printed book which can be recommended with confidence. 

K. M. GREENLAND 
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Notes and 


Prizes for original contributions published in the Journal of 
Scientific Instruments 


The Board of The Institute of Physics has awarded the 
following Bowen Prizes for papers published in last year’s 
volume of the Journal of Scientific Instruments. 


Dr. K. P. Norris, of the Wheatstone Physics Laboratory, 
King’s College, London, for his paper on 4 reflecting 
microscope for infra-red absorption measurements (p. 284, 
August 1954). A prize of twenty guineas. 


Mr. G. Revesz, of the British Rayon Research Association, 
Manchester, for his paper on An autocorrelogram computer 
(p. 406, November 1954). A prize of fifteen guineas. 


Mr. J. H. Welch, of the Building Research Station, Watford, 
Herts, for his paper on A simple microscope attachment for 
observing high-temperature phenomena (p. 458, December 
1954). A prize of fifteen guineas. 


These prizes are awarded to authors who are not more than ~ 


35 years of age and whose papers are judged to be the best 
in respect of originality, scientific value, practical utility to 
instrument makers and users, and presentation including the 
standard of presentation of the manuscript. Money for 
prizes is provided by the Scientific Instrument Manufacturers’ 
Association of Great Britain Ltd., from the Bowen Trust 
Fund established by the late Mr. William Bowen. 


British Nuclear Energy Conference 


In the light of recent rapid developments in the technology 
of nuclear energy, and the increasing demand for a common 
ground between scientists and engineers where these develop- 
ments can be discussed, an organization has been formed by 
the Institutions of Civil, Mechanical, Electrical and Chemical 
Engineers, and The Institute of Physics, to satisfy this need. 
This will be known as the British Nuclear Energy Conference, 
the affairs of which will be managed by a Board consisting 
of three representatives from each of these institutions. The 
Chairman is Sir Christopher Hinton, and Sir John Cockcroft 
is one of its distinguished members. The Secretary is Mr. 
Alexander McDonald (Secretary of The Institution of Civil 
Engineers, Great George Street, London, S.W.1). 

The five institutions will arrange for the presentation of 
papers dealing with nuclear energy subjects, and all their 
members will be able to attend and take part in the dis- 
cussions. The Conference will publish a Journal about four 
times a year containing records of the papers, discussions, 
symposia and conferences conducted by the Board. This 
Journal will be offered for sale. 

The Board proposes to hold its inaugural meeting in the 
autumn at which a symposium of lectures will be delivered 
on the technology of nuclear energy and its applications. 
The Board also proposes to promote national and inter- 
national conferences from time to time, and to arrange for 
British participation in international meetings. 
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comments 


The expenses of the Conference will be met by the institu: i 
tions, although it should be self-supporting once it 1s fully} 
established. 


Radiological protection 
The recommendations of the International Commission or|) 
Radiological Protection (revised 1 December, 1954) haves 
been published as Supplement No. 6 of the British Journal oj 
Radiology. They cover general principles of protection from 
ionizing radiations, including definitions of the scientificl) 
terms used, a report on permissible dose for internal radiatior} 
and a report on protection against X-rays generated al) 
potentials of 5SkV up to 2MV. The latter report includes af 
section on protection against X-rays from apparatus foiy 
non-medical applications. This section contains protection-} 
data in the form of broad-beam attenuation curves, tables oi! 
barrier thicknesses and tables giving equivalent thicknesses O18 
protecting material. Most of this data is given in terms 
of the thickness of material required to reduce the dose} 
rate to 6mr/h, this value being based on a permissibl 
dose of 300 mr/week, assuming a 48-hour week. 
No detailed protection-data are given for the gamma-rays} 
from radio-isotopes, nor are the data on radium protective! 
recommendations given in the 1950 recommendations) 
reproduced. i 
The Supplement is available in paper covers from the} 
British Institute of Radiology, 32 Welbeck Street, London, 
W.1, at 10s. 6d. 
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| One of the most important technical factors in the maintenance 
and advancement of civilization is man’s ability to generate 
i heat and to use temperature differences as a source of power. 
i For many centuries man’s use of heat was confined to the 
jpeeesion of bodily comfort and of cooked food—and this is 
nsurely still the ultimate aim of the more complicated uses to 
which thermal energy is now put. With such primitive aims 
‘there were no major problems with regard to the materials 
fused to contain and restrict the combustible material used 
RAS the heat source—stones and refractory earths were readily 
} available and the common metals copper, and eventually iron, 
‘were Suitable for cooking vessels. Even with the extension 
j, of the use of heat to the firing of pottery and to the extraction 
Hiof metals from ores, refractory materials satisfactorily met 
;the requirements for the construction of kilns and furnaces. 
FThe introduction of heat as a source of power, however, 
Fas led to the demand for materials capable of withstanding 
,sonsiderably elevated temperatures without deterioration— 
tat least without rapid deterioration—and having the charac- 
teristic metallic properties of ductility, malleability, etc., 
‘which make them suitable for the construction of a wide 
variety of components or operating parts of various devices. 
Typical examples of metallic parts which operate at con- 
siderably elevated temperatures will readily come to mind: 
‘in the home, the elements of electric fires and cooking stoves; 
in automobile engines, the valves and sparking plugs; in 
steam engines, the boiler tubes; various components of gas 
iturbine engines; parts of industrial furnaces used for heat- 
ltreating metals and for firing pottery—in fact metals operating 
jat elevated temperatures are ubiquitous. 

_ The properties required of an alloy for such service are 
tprimarily twofold: ability to resist chemical reaction, which 
jusually means resistance to atmospheric oxidation; and 
dequate strength, to resist deformation and fracture. These 
‘two properties are fundamentally different, although, as 
jwill be mentioned later, some interaction between the two 
es occur, and it is therefore proposed in this article to 
veview separately these two aspects of high-temperature 


lalloys. 


CORROSION RESISTANCE 


Thermodynamic data for the stabilities of metallic com- 
jounds show clearly that no metals other than the noble 
metals can remain completely unaffected by a gaseous 
environment and the problem of resistance to surface attack 
is therefore reduced to one of the rate at which reaction 
takes place. For any particular alloy this is, as would be 


expected, strongly dependent on temperature, but the charac- 
eristic behaviour of any alloy is essentially dependent on 


\ 


oo Based on the Chairman’s Address given to the Midland Branch 
of The Institute of Physics in Birmingham on 9 November, 1954. 
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SPECIAL ARTICLE 


Alloys for use at high temperatures* 
By W. BETTERIDGE, Ph.D., F.Inst.P. 


The properties necessary in metallic materials intended for service at high temperatures are out- 

lined and the characteristics of nickel-base alloys for such applications are particularly described. 

The materials are dealt with in two classes: those primarily of value because of their resistance to 
oxidation and those characterized by high strength at elevated temperatures. \ 


the manner of growth of the film of reaction product which 
forms on the surface and on the rates at which the various 
reacting ions diffuse through this film. Experimental studies 
of the rates of growth of oxide layers have shown that any 
one of a number of relationships can apply: a linear increase 
of weight per unit surface area with time indicates that the 
oxide film produced offers no obstacle to further growth, 
and from the point of view of a high-temperature material 
such a case is of no interest. Pilling and Bedworth showed 
in 1923 that such behaviour could be predicted from a study 
of the relative molecular volumes of metal and oxide; if the 
oxide has a smaller specific volume than the metal from 
which it is formed it cannot form a coherent layer to protect 
the underlying metal. Most of the alkaline and alkaline- 
earth metals follow this law. Other metals show parabolic, 
cubic, or logarithmic laws of oxidation and various theories 
introducing the diffusion of the reacting ions through the 
protective film have been proposed to explain these laws. 
When the case of even a simple binary alloy is considered, 
however, it is readily seen that the possible processes which 
could contribute to a determination of the reaction rate are 
so numerous that a satisfactory simple theory is very unlikely. 
The diffusion rates of the two metallic atoms in the alloy, 
and of the metallic and oxygen ions in the oxide, the possi- 
bilities of multilayers of scale consisting of oxides of both 
constituents, reactions between the different oxides, and 
evaporation of either metal or oxide are all processes which 
could in some way affect the rate of oxidation. At the 
present state of knowledge it is therefore found that the 
experimental approach provides the fastest progress in the 
development of oxidation-resistant alloys. It is proposed, 
therefore, to describe the properties and the developments 
which have taken place in commercially available alloys. 

By far the greatest proportion of technically important 
alloys are based on the ternary system iron—nickel-chromium, 
but even in this system the iron may be considered as a 
diluent present only for economic reasons. The iron-free 
alloys are always more resistant to simple oxidation than are 
the corresponding iron-containing alloys. The effect of 
variation of the chromium content of nickel-chromium 
alloys has been described by Hessenbruch.2) After an initial 
fall, with a minimum at about 5% chromium, which can be 
explained on the basis of the relative valencies of the nickel 
and chromium ions,®) the resistance to scaling of the binary 
alloys increases progressively with increasing chromium 
content. The alloy containing 20% of chromium has been 
selected as the basis for the most widely used high-temperature 
oxidation-resistant alloy, the choice being a compromise 
between oxidation-resistance and ease of fabrication into the 
common forms of wire, strip and tape in which the alloy is 
required. Working difficulties increase considerably with 
higher chromium contents. However, the simple binary 
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alloy has a drawback which becomes evident when inter- 
mittent testing conditions simulating service operation are 
adopted. The alloys are widely used in the form of wire for 
electrical heating elements and in this form are frequently 
tested in the manner described in A.S.T.M. Specification 
B76—39. A sample of the wire, usually about 20 s.w.g., is 
suspended vertically in a draught-proof enclosure and is 
heated electrically to a stipulated temperature in the region 
of 1100-1200° C. The temperature is measured with an 
optical pyrometer and the current is adjusted to maintain 
the wire at the required temperature. The current is switched 
on or off every 2 min and the test is continued until the wire 
burns out. In the initial stages of the test the temperature is 
re-set two or three times, to compensate for the changing 
emissivity of the surface as the scale layer builds up, but 
after the first 24 hours the temperature is neglected and the 
applied voltage is maintained constant. Failure of the wire 
is finally brought about by flaking of the scale at a localized 
point, which then becomes overheated and eventually melts. 
The behaviour of nickel-chromium alloy wires in this test 
has been found to be very much influenced by small propor- 
tions of certain very reactive metals added to the alloy. 
Particularly notable in their effect on the life are calcium, 
cerium, zirconium, thorium and silicon, and considerable 
improvement in the life of wires has been obtained over the 
last 20 years or so by selection of the optimum balance of 
these minor additions. This improvement is shown by the 
fact that the temperature at which an average life of about 
100 hours is obtained has been raised, during this period, from 
1060 to 1232° C. 

Interesting work has been carried out with the object of 
determining the mechanism by which this improvement of 
life is obtained.” Determinations of the rates of oxidation 
under conditions of steadily maintained temperature have 
shown that alloys untreated with particular reactive elements, 
i.e. short-life materials, have a very similar oxidation rate, 
particularly in the early stages of the test, to that of specially 
treated long-life alloys, and indeed the life of a test wire 
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Fig. 1. Life-test results for short-life, nickel-chromium 
wire 
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heated continuously instead of being repeatedly switched on fp 
and off is not very different for the two classes of wire. In, 
order to explore the difference between continuous tests and 7 
intermittent tests a series of tests has been carried out in 
which, instead of completely switching off the heating current } 
every 2 min, it was reduced from the value required to J 
maintain the wire at the normal test temperature to a value f} 
maintaining the wire at a lower temperature. A number of § 
tests, in which the wires were cycled between two temperatures, 9 
the upper one remaining constant, but the lower one varying ff 
from almost room temperature up to close to the upper if 
temperature, have shown very different behaviour for short- 
life wires and for long-life wires. Figs. 1 and 2 illustrate the f 
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Fig. 2. Life-test results for long-life, nickel-chromium 
wire 
constant-temperature test 
— — — cycling-temperature test 
calculated from constant-temperature test 


behaviour of two wires which had lives under the normal) 
intermittent test conditions at a temperature of 1177° C of} 
37 hand 606 h. It is to be noted that the life at first increases } 
as the lower temperature is reduced, on account of the lower} 
rate of oxidation, but later the life is seriously reduced, by 
the cracking and flaking of the scale due to thermal stresses. 
The difference between the two wires is to be associated with} 
the greater adhesion or cohesion of the scale layer on the’ 
longer-life wire. Photomicrographs of the wires after a) 
constant period of test, Fig. 3, indicate that the improved 
adhesion is probably due to the more irregular interface’ 
between scale and metal, which can give a much stronger 
mechanical key to the scale. The reason for the small 
additions of reactive metals producing such an interlocked 
phase boundary is most probably to be found in the pheno- 
menon of internal oxidation. Oxygen diffuses into the alloy 
to a very small degree and, although the effective pressure of 
oxygen within the alloy is insufficient to produce an oxide of! 
the major constituents, the highly reactive metals are oxidized’ 
within the alloy, and dispersed globules of their oxides are 
deposited ahead of the normal scale layer, causing formation 
of the irregular interface. However, the effect of additions of 
reactive elements cannot be due solely to this effect, as the 
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| following experiment has indicated. Wires of an untreated, 
§ and therefore short-life, alloy were submitted to the normal 
| type of life test, but before commencing the test half of the 
length of the wire was coated with a cerium salt. The effect 


(a) 


(6) 


Fig. 3. Structures of scale-metal interface for (a) short- 
life and (4) long-life, nickel-chromium wires ( x 500) 


yproduced is shown in Fig. 4; the uncoated half has lost a 
Hgood deal of the scale by flaking but the coated half has a 
smooth layer of adherent scale. Since the cerium in this 
yease has been added only to the scale and not to the alloy 
ithe effect cannot be one of internal oxidation. 

_ Nickel-chromium alloys are not the only ones suitable for 
applications requiring oxidation-resistance at high tem- 
yperatures. In fact, although nickel-chromium alloys will 
sive good service at temperatures up to 1200° C, or there- 
bouts, an iron—chromium-—aluminium alloy can give useful 
Wservice at temperatures up to about 100° C higher than this. 
The alloys contain about 20-25 % chromium, 4-6 % aluminium 
land small amounts of other elements and are sufficiently 
ductile to be drawn into wires for electrical heating purposes. 
(They suffer from two main disadvantages, however, which 
ake them rather less favoured than nickel-chromium alloys 
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for most applications. In the first place their strength at 
high temperatures is low and in many cases insufficient for 
the wire to support its own weight. Modified designs pro- 
viding full support for the elements are usually: necessary. 
Secondly, they become seriously embrittled after service at 
elevated temperatures and no adjustment to the shape of 
elements can be made after a period of use, without danger 
of fracture. 


Fig. 4. Effect of coating of cerium nitrate on flaking of 
scale on nickel-chromium wire 


In many applications resistance to oxidation in air is the 
only requirement, but in other fields additional corrosive 
media are present. Perhaps most important of these are the 
carbonaceous gases which are frequently present in industrial 
furnaces, either on account of oil fumes from quenching 
baths or from articles charged into the furnace, or because 
of the use of coal gas. Characteristic attack of nickel- 
chromium or nickel-chromium-iron alloys can then occur 
at temperatures in the region of 900-1100° C, associated 
with the formation of chromium carbide in the alloys.) 
Particular corrosion problems also occur in connection with 
sulphur, and with vanadium, both of which are present in the 
ashes of crude mineral oils. 


CREEP AND FRACTURE RESISTANCE 


The second important property required in a material to 
operate at high temperatures is the ability to resist deforma- 
tion and fracture under the stresses to which it is submitted. 
Even in the applications in which scaling-resistance is the 
primary requisite, some alloys are so lacking in strength as 
to distort under their own weight. The same phenomenon 
occurs over a wide range of temperatures and stresses for 
any material and, particularly when taking place slowly over 
a period of hundreds or thousands of hours, is referred to as 
creep. From the engineering aspect, the range of strains 
which are regarded as important are usually between 0-1 
and 1%. Scientific study of creep has been carried out mainly 
under conditions of simple tensile stress at a constant tem- 
perature and the type of deformation-time curve obtained 
(the creep curve) is one showing an initial decelerating portion 
(the primary stage), followed by a period of essentially con- 
stant creep rate (the secondary stage), and finally succeeded 
by a period of accelerating creep rate (the tertiary stage), 
which leads to eventual fracture. Qualitatively speaking, 
increase of stress and increase of temperature have a similar 
effect in increasing the rate of creep and reducing the life 
before fracture, but no simple relationship between these 
variables has yet been found, although numerous empirical 
formulae have been proposed. It is important to appreciate 
that the time of fracture in a creep test of the type described 
is not dependent solely on the rate of creep and, indeed, in 
some alloys it can be varied by special methods of heat- 
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treatment without affecting the shape of the creep curve, 
except for a relatively short period immediately prior to 
fracture. Fig. 5 shows the appearance of two broken test 


Ductile and brittle creep fractures of creep- 
resistant, nickel-chromium alloy 


igs. 


bars of the same alloy and initially of the same dimensions, 
the first having failed by intercrystalline fracture at a total 
elongation of only about 5% and the second having extended 
a total of about 80° and finally failed in a ductile manner. 
Creep and fracture are; therefore, to be regarded as associated 
rather than completely interdependent properties, and the 
practice which is sometimes adopted of comparing different 
alloys solely on the basis, for example, of the stress to produce 
fracture in a given time at a certain temperature, must be 
realized to be applicable to those conditions only. However, 
in order to compare the different classes of high-temperature 
materials which have been developed it is necessary to follow 
such a line. Fig. 6 illustrates the properties of three important 


Stress to produce O'5% strain in [OOOh (tons/in2) 


SOO 


600 700 


Temperature (°c) 


800 900 


Fig. 6. Creep resistance of different types of alloy 


classes of materials, the stress to produce a creep strain of 
05% in 1000 hours being plotted against temperature. 
Relatively wide bands of properties are indicated for each 
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group, although in each case the materials represented are 
only those specially developed for creep resistance. In the |] 
ferritic steel group, for instance, all normal alloy construc- }I 
tional steels are excluded, and the band represents mainly {j 
the 3% Cr-4+% Mo-#% V or 0:7% Mo-0:4% V steels and | 
the.11°% Cr-4+% Mo-3% V steels. The austenitic steel group | 
includes a wide range of types suitable for use in sheet form jf 
or as bars or stampings and the properties are consequently {fj 
fairly widely scattered. Those at the top of the band are j 
mostly rather complicated steels, consisting of a matrix of } 
iron—nickel-cobalt-chromium hardened with carbides of } 
stable-carbide-forming elements such as molybdenum, tung- if 
sten, niobium or titanium. The nickel-chromium alloys {j 
have all been developed from the 80% Ni-20% Cr alloy # 
referred to earlier as predominantly an oxidation-resisting 
alloy, the high creep properties being obtained by the i} 
hardening effects of a dispersed phase, namely a nickel— | 
titanium—aluminium compound. Some of these alloys also # 
contain additions of cobalt. There is still another class of } 
alloy not represented in this figure, since its main field of } 
application is one in which the creep strain is of lesser } 
importance and the life-to-rupture is most important. Conse- | 
quently the data available are mostly concerned with rupture } 
properties. These alloys are cobalt-rich materials containing & 
also nickel and chromium and hardened by molybdenum or : 
tungsten carbides. They are, in general, unforgeable and 
are used in the cast form, although some of the less fully 
hardened varieties can be forged, but their high-temperature } 
properties are to some extent reduced. Fig. 7 illustrates the 
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Fig. 7. Rupture strengths of different alloys 


stress-rupture properties of such alloys, plotted against tem- : 
perature; typical curves for wrought nickel-chromium base’ 
alloys are included for comparison. It is, as yet, uncertain: 
to what factor the crossing of the curves for the two types of 
alloy curves is to be ascribed. Some workers have suggested 
that it is due to the change of the major constituent from) 
nickel to cobalt, others attribute it to the change from an 
alloy hardened by a nickel-titantum—aluminium compound 
to one hardened by carbides. For the further developmenti 
of improved alloys it is important to answer this question, 
but an answer is not so readily forthcoming as might be 
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is pposed, for it is not easy to change one characteristic of a 
jomplex alloy without changing the alloy also in other ways, 
ind work on this problem is still proceeding. 

| It was stated earlier that creep-resistance and fracture- 
lesistance are to some extent separately variable properties 
f a high-temperature alloy and it is interesting to examine 
e effect of variations in heat-treatment procedure on the 
haracteristics of the creep curve of a typical alloy of the 
Lickel-chromium type, Nimonic 95. Fig. 8 shows curves 
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Fig. 8. Creep curves of Nimonic 95 after different 


heat-treatments (9 tons/in.? at 870° C) 


Hbtained on samples of the same alloy after heat-treatment 
n different ways. The best creep properties and the longest 
ife to fracture are obtained by solution-treating at 1200° C, 
lit-cooling, reheating to 1080° C and air-cooling, and aging 
it 700° C. If the material is solution-treated at a lower tem- 
ferature, say 1000° C, or for too short a time, in spite of the 
plution treatment being satisfactory so far as precipitation- 
Nardening is concerned, the creep-resistance is poor and the 
fest bar extends rapidly and fractures in a short time. On 
ne other hand, if solution treatment is carried out at a high 
Wemperature and the bar is cooled at a fast rate, such as by 
uenching, there is an unsatisfactory condition of precipitation 
the grain boundaries, and, although the minimum creep 
Ate is then low, fracture occurs at a very low elongation and 
vith a short life. 

The materials already referred to have been developed by 
psentially empirical methods guided by the experience of 
etallurgists, and it must be emphasized that so far in this 
reld, progress has owed little to fundamental studies. Never- 
heless, such studies are being widely made and the following 
ection indicates fairly briefly, and in a descriptive rather 
han a mathematical manner, the present trend of this work. 
phe earliest studies of the subject were carried out by 
Andrade, (6) on pure metals, and he introduced a formula 
hich j is now very familiar. With pure metals the tertiary or 
ccelerating stage of creep does not appear at all readily 
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and in most cases in which it does occur the strain is then so 
high that the distortion of the specimen makes it difficult to 
ensure conditions of constant stress. Various devices have 
been proposed to reduce the load on a specimen in proportion 
to its extension, so that the creep takes place under conditions- 
of constant stress, but these, of course, are only valid if the 
extension of the specimen is quite uniform along the length 
of the test bar. Andrade’s results did not include the tertiary 
stage and for a long time there was some doubt as to whether 
accelerating creep did occur in a constant-stress test, or 
whether it was only observed in constant-load tensile tests, 
in which progressive extension leads to reduction of the 
cross-section of the test-bar and consequent increase of stress. 
However, Sully and his colleagues‘) observed it for a creep- 
resisting alloy in compression tests, for which the stress is 
reduced by increasing strain, and its existence is therefore 
established. 

Andrade’s formula for the first two stages of creep was as 
follows: 

1 =Ig(1 + Brt/3)e% 


where / and /y are the instantaneous and initial lengths of the 
material, ¢ is the time, and B and k are constants. 
This can be rewritten for small amounts of strain, «, 


as e = Bris + kt 


This formula was derived empirically, but numerous attempts 
have been made, with varying degrees of success, to establish 
a theoretical basis for the expression. These have all been . 
based on the now commonly accepted mechanism by which 
metals deform, either rapidly at normal temperatures or in a 
time-dependent manner as in creep, namely the movement 
of dislocations along slip planes of the crystal lattice. A 
dislocation is a line discontinuity in the crystal, which by 
movement across a lattice plane produces a shift of one atom 
distance between the parts of the crystal on either sidé of the 
plane swept out. The study of the generation and movement 
of dislocations is now quite an extensive subject, but for 
the present purpose it is sufficient to say that creep is now 
accepted as being primarily due to the temperature-activated 
movement of dislocations. Primary creep is thought to be 
due to the relatively easy movement of the dislocations 
existing in the material in its initial condition, the decreasing 
creep rate being due to the gradual exhaustion of dislocations 
free to move. Secondary creep, the steady-state creep repre- 
sented by the term At in Andrade’s expression, is sometimes 
described as quasi-viscous creep (quasi-viscous since although 
the velocity of displacement is independent of time it is not 
linearly proportional to the applied stress), and attempts have 
been made to identify it with the displacements which are 
observed to occur at grain boundaries, at least in pure metals 
and simple solid-solution alloys. The photomicrograph 
shown in Fig. 9 illustrates some of the types of distortion 
which can be observed in metals distorted in creep.©) It 
shows the appearance of a tin-antimony alloy which has 
strained 1-4°% in 71 hours under a constant load of 1300 Ib/in.” 
at normal temperature. Two major types of distortion are 
visible: deformation of the grains revealed by slip lines or 
rumpling of the surface, and grain-boundary displacement 
shown by the displacement of scratches as they cross the 
boundaries. Further evidence of grain-boundary flow is 
given by the signs of severe distortion of the grains in direc- 
tions which form prolongations of the boundaries; this is 
also evidence that the two mechanisms of strain usually 
occur in an associated manner. Measurements by McLean(®) 


of the magnitudes of the creep strains produced by grain 
6 


W. Betteridge 


distortion and by grain-boundary flow have, however, shown 
that direct identification of the 8 term with grain distortion 
and the kt term with boundary flow is far from the truth. 

A number of investigators who have made careful measure- 
ments of creep have come to the conclusion that, although 
the Andrade equation can be made, by suitable choice of the 


[Reproduced from Journal of The Institute of Metals] 
Fig. 9; 


Surface appearance of Sn-5% Sb alloy after 
creep 


constants, to represent the initial stages of an observed curve 
very closely, it is by no means exactly true. A closer fit 
appears to be given by a simple power law in which the 
exponent differs from 4. Torsion creep tests carried out on 
pure aluminium at very low stresses“) have shown that in 
some cases this formula gives a much closer fit than the 
Andrade equation, but it is nevertheless surprising that the 
Andrade expression gives a good approximation for many 
different materials and under various conditions of testing. 
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Study of the creep process is, however, making it andes 
clear that the observed overall strain is compounded of 2 

number of partial strains due to differing mechanisms, and) 
since these are likely to be dependent on time, stress and} 
temperature according to different laws, it is not to be) 
expected that the total strain can be expressed by a simple}; 
formula. Simple laws will be found to apply only in con-) 
ditions in which a single mechanism is predominant. ai 
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[The task of preparing programmes for large scale digital 
;omputers has always been recognized as a bottleneck to the 
xse of these machines by persons whose main interest lies 
lonly in the results and not in the techniques of coding. For 
phis reason several proposals have been made for converting 
Niito precise machine instructions, programmes originally 
drawn up in a more convenient and general form.“:2) In all 
fF ese proposals the conversion is done by the machine itself 
“n the following way. The ordered aggregate of symbols 
‘which constitute the original programme are presented to the 
Enachine on the input medium. It is then scanned by the 
saachine under the operation of an input-conversion routine 
‘hich translates the symbols on the input medium into a 
k-orresponding programme of words which are recorded in 
ihe store. These words may be the final instructions which 
Eire Subsequently obeyed directly by the machine, or they may 
de words which serve as “‘instructions” for a further inter- 
The purpose of this report is to describe a 


and interpretive techniques has made possible on the 
}}Manchester University Electronic Computer MK I. This is 
a typical two-level storage machine and has the following 
haracteristics : 


working store (electrostatic): 512 words each of 20 bits; 

auxiliary store (magnetic drum): 256 tracks each of 128 
words; 

fixed binary point arithmetic on 40 bit words: addition time 
1-2 ms, multiplication time 2 ms; 

time to transfer contents of any track to working store: 
40 ms, reverse operation: 90 ms; 

input-output medium: 5-hole teleprint tape, page printer. 


i STRATEGICAL CONSIDERATIONS 
In coding directly for such a machine two main difficulties 
lare encountered which should be taken into account in any 
proposals for simplifying the coder’s task. . 

| The first is the scale factor difficulty of arranging the 
Mcalculation so that all the quantities involved are represented 


Ito the required accuracy and yet remain within the capacity 


hof the registers. This difficulty can be alleviated to some extent 
by working throughout with double length arithmetic 
ikeeping, say, 40 binary digits for the fractional part of a 
inumber, and 40 digits for the integral part. Another solution 
to the problem is to associate every number occurring in the 
‘calculation with its own adjustable scale factor: an inter- 
Npretive scheme for doing this has been described by Brooker 


and Wheeler.@) This so-called floating-point technique 
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computer 
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This paper outlines some of the difficulties encountered in attempting to simplify the task of 

preparing programmes for a large scale digital computer. In general this is most simply achieved 

at the price of increasing the machine time consumed by the resulting programme. Such a 

compromise is nevertheless worth while for many ‘‘small” problems and a means is described for 

treating such problems on the Manchester University Computer (Ferranti MK I computer). 

The method is also applicable to any of the Ferranti range of machines, several of which are 
now available in this country. 


requires the use of routines for carrying out operations of 
the form a.2? + 6.29, etc., and for this reason the time of 
execution of a floating-point instruction is very long (addition 
50 ms, multiplication 40 ms, division 100 ms) compared to 
that of the corresponding fixed point machine instructions. 
This is partly offset by the fact that, in general, fewer of 
the floating variety are needed. It is this second solution 
which has been adopted in the scheme developed for the 
Manchester machine. 

The second difficulty relates to the physical nature of the 
storage facilities. The coder’s task would be made easier if, 
instead of two levels of storage with their corresponding 
accessibility features, there was a single storage medium of 
indefinitely large capacity and rapid accessibility. Any 
proposals for simplifying coding ought therefore to include 
some means for converting a programme written for a hypo- 
thetical one-level store into a programme suitable for a two- 
level store. The real problem is to do this efficiently, so that 
the computation time spent on the “‘fast’’ level approximately 
matches the time spent in gaining access to material (numbers 
and instructions) on the “‘slow” level. As in the case of the 
scale factor problem an optimum solution really requires an 
insight into the calculation being programmed. Thus, for 
example, when allocating magnetic storage to the elements of 
a vector one would try to keep them as far as possible on 
the same track so that the entire vector could then be trans- 
ferred to the working store in a single operation; in other 
words, the experienced programmer tries to take advantage 
of any natural ordering that exists in the numerical material. 
When a machine has been educated to do this it will have 
gone some way towards being able to think! Nothing so 
ambitious has been attempted in the scheme adopted, mainly 
because the use of floating arithmetic does not make it worth 
while to improve on the method described below for gaining 
access to numerical material. 

The strategy adopted for using the two levels of storage is 
as follows. After input, the programme of converted 
“instructions” is recorded on consecutive lines and tracks of 
the magnetic store. The capacity of the working store is 
limited to four tracks of the auxiliary store. At any stage, 
therefore, in the execution of the programme there is only 
room for one trackful of ‘‘instructions” and one trackful of 
numbers, the remaining space (one-half) being taken up by 
the interpretive routine. The “instructions” are normally 
used consecutively and when the trackful has been exhausted 
arrangements are made to replace it by the contents of the 
next track, or in the case of a jump “‘instruction,” by which- 
ever new track is involved. This track changing business is 
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also a feature of the conventional programming technique 
used with the Manchester machine and has been described 
by Hume): supplemented by suitable facilities in the input 
conversion stage it enables the instructions to be written out 
originally as if for a one-level instruction store. This means 
of access to “instructions” is efficient because the time taken 
to transfer each trackful of “instructions” is negligible com- 
pared with the time taken to execute them: the ratio is still 
quite reasonable even where ordinary (machine) instructions 
are concerned. 

The situation is not so favourable, however, in the case of 
numbers because the order in which access to them is required 
depends on the nature of the calculation. The conversion 
problem is simplified if the operands are selected directly 
from the auxiliary drum store—the capacity is virtually 
infinite—by the interpretive routine. To do this the routine 
has first to determine the track involved, then transfer the 
content of the track to the working store, and finally select 
the particular line required. The access time for any operand 
is then at least 40 ms, the time for a magnetic reading transfer. 
Similarly the corresponding recording operation would take 
at least 90 ms. These figures about match the times of 
floating operations so that in this case not much advantage 
is to be gained by improving the access time. 

The position would be very different, however, if the 
arithmetical operations took only a few milliseconds or less, 
for in that case most of the time would be spent in selecting 
and recording numbers on the drum. To achieve any sort 
of balance in these circumstances it is essential to take 
advantage of any natural ordering of the numbers. Now, 
however crudely the original programme is written, any such 
ordering would almost certainly be reflected in the allocation 
of storage in the hypothetical one-level store, and the 
correspondence between this store and the magnetic drum 
store means that in many cases successive operands will be 
found on the same track. Unnecessary magnetic transfers 
can therefore be eliminated by testing whether the magnetic 
address of each operand involves the same track as the 
previous operand. This can be done either by the inter- 
pretive routine as each operand is required, or once and for 
all before the programme is executed. The former device 
has been incorporated in the Manchester scheme because it 
- is simpler and the rewards are just worth while. The second 
and ultimately more rewarding method would involve 
examining the context of each “‘instruction,” which, in the 
case of an “instruction” immediately following a “control” 
junction, means searching through all possible alternative 
“control” paths to find the previous operand. This can only 
be done after input when the whole programme—or at least 
the important parts, the inner loops—are available for 
scanning. This stage will be called secondary conversion; 
such conversion as it is convenient to do during input proper 
will be called primary conversion. Primary conversion will 
include all those techniques usually associated with compiler 
routines, ie. use of algebraic symbols, floating addresses,© 


specification of subroutines by a symbol, etc. FS FS (Blank) _-K = V 6 

[With most machines the floating address facility usually 4 1 b, v Ww / 
involves secondary conversion, or its equivalent, the “two- B 2: M LF xX ® 
pass” technique. Applied to control transfers, however, this C * N Se ne 9 
is unnecessary with the Manchester machine because of the D 4 O ; 7 _ 
particular way in which control transfer instructions work. F ( P 0) J EXSPR SEY bi 
They involve a double reference: instead of giving directly the F ») O = ; 
address of the next instruction (the control number) it is the  G 7 R = ? n 
address of this address which is given. Thus for each control H 8 S 3 £ CR 
transfer instruction a spare location must be found to hold J =e iE j 5 w (Erase) 
the control number, the address of the next instruction. The J = U ‘5 
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associated locations, which are arbitrary, can be allocated as | 
each transfer instruction is read from the tape and the- 
corresponding control numbers filled in as the instructions to } 
which control is transferred are read from the tape.] 


CONCLUSION 


It can thus be seen that with the aid of routines for the | 
calculation of the elementary functions, and input and out- §) 
put of numerical data, the above techniques enable the jf 
machine to be transformed, at the price of considerable loss 
of speed, into a programmer’s conception of an “ideal, 
machine.” The total material involved in the transformation 
of the Manchester machine occupies about twenty tracks of , 
the magnetic store. It is usually run into the machine when > 
required by means of the conventional input routine which § 
is kept permanently on the magnetic drum. 

It remains to consider the “ideal machine.” In designing, 
the code described below the following points were considered. 
The price paid in the terms of speed rules out the possibility {j 
of using the “machine” for problems involving O(n?) or 
more operations where 7 is large, e.g. partial differential 
equations. Its use will therefore be confined to ad hoc ¥% 
problems and problems which might otherwise have been } 
considered as too small for a large scale computer; a typical 3 
example is given later on. Extending the class of problems + 
that can be treated by the machine in this way may mean j{ 
extending the class of user. The occasional user with a small 
problem will not, naturally, be very keen to learn the con- 
ventional programming techniques, more especially if this ’ 
means digesting the contents of a hundred-page manual. 
For this reason the principal consideration in the choice of | 
the “ideal machine” has been economy of description: what § 
the author aimed at was two sides of a foolscap sheet with } 
possibly a third side to describe an example. The psycho- ‘ 
logical advantages which such an economy of description | 
brings to the prospective reader makes the attempt worth” 
while, even at the expense of considerable compression of the § 
material. How far this has been achieved can be judged 
from the following standard account which is similar to one ft 
we hand out to prospective occasional users. 2 

The ‘‘machine” used at present differs from that described 
here in certain minor respects (e.g. the accuracy is limited to 
nine significant decimals) but will shortly be modified to 7 
conform with the following account. Further details can be 
obtained on application to this laboratory. 


THE STANDARD ACCOUNT OF THE ‘‘SIMPLE 
MACHINE” 


By the means described above the electronic computer can 
be made to accept programmes written in the simplified form 
described below. In this form a programme of calculation © 
consists of an ordered sequence of instructions arranged in a — 


List of permissible symbols employed 


fresults on a page printer. 

The instructions mostly take the form of equations giving 
ithe new value of a computed quantity in terms of one or two 
previously calculated quantities or parameters. Instructions 
jare also necessary, however, for selecting between alternative 
ourses of action, for printing results, and for the input of 
urther data. The instructions involve the following kinds of 
uantities. 

(a) Variables. The quantities or intermediate quantities 

hich it is necessary to compute. These are denoted by v1, 
2, v3, etc. The number of variables which can be introduced 
s for practical purposes unlimited: it is in fact about 12000. 
he range of magnitudes of a variable is virtually infinite, 
O21: the precision is limited to eleven significant decimal 
‘ures. 
(6) Constants, or variables of which the value is known in 
mdvance. For these quantities the permissible range and 
srecision is limited in order that numerical values may be 
}vritten in the form: 


integral part, decimal point, fractional part. 


F. certain lack of preciseness is inevitable here, e.g. to six 
ignificant figures 7 may be written 3-14159, 03-14159, 
=? 141590, +03-141590. All these and similar variations 
itre accepted by the machine, provided the integrai part does 
pot exceed 10!!: in any case, as explained above, not more 
yan eleven significant figures are recorded inside the machine. 
Jegative numbers must be preceded by sign. 

| (c) Indices. These correspond to the subscripts of con- 
‘entional mathematical notation. In order to take advantage 
»f the repetitive nature of calculation it is desirable to have 
ome means of specifying any of the elements of a sequence, 
ig. the components of a vector. For this purpose the notation 
H 1, vn2, vn3, etc., is introduced where n1, n2, n3, etc., are 
indices restricted to integral values but otherwise computable 
ike variables. Thus, for example, if nl = 5, then wml is 
entified as v5. The number of indices which can be intro- 
luced is limited to 64. The possible range of values of an 
dex quantity is —2~39 <x < 239, which, of course, far 
lixceeds its usefulness as an index proper. In writing down 
ine numerical value of an index the decimal point and 
Hractional part can be omitted. : 

| Those instructions which take the form of equations are 
jiven below as (i), (ii) and (iii). Permissible instructions are 
'btained from these basic forms by replacing x, y and z by 
e group of symbols denoting a variable (v), or, except in 
In 


| 
he case of (iii), an index (n), or a combination (wn). 
articular x and y may also be replaced by constants. 


F GheesSe 
| Gi) z= xOy @ is replaced by one of the symbols + — & / 
| (iii) z = Ax A is replaced by one of the letters 


A (= arctan x) 


Gi G=xscos2 7m) 
E (= exp x) 
L (€ log, x) 
iS (= 4x) 


structions are normally obeyed in the order in which they 
ie written down until a jump instruction is encountered. 
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This may be conditional or unconditional and takes the form 
(iv) or (v) as follows. 


(iv) jm means “jump to instruction labelled m’’ 

(v) jm, xpy means “jump to instruction labelled m if 
xy,” where ¢ denotes one of the 
SViMb Ol Seas — es 


The Jabel is a positive whole number which is written im- 
mediately before (i.e. to the left of) the instruction concerned. 
The remaining instructions are as follows. 

(vi) The letter P inserted before any of the instructions (i), 
(ii) or (iii) causes the computed value of z to be printed in 
the style described earlier, namely, integral part, decimal 
point, fractional part. The number of decimal places is 
determined manually by setting a row of hand switches on 
the console. Insignificant zeros are suppressed. The machine 
prints 00 if z< 10-"!; and * if'z > 10". 

(vii) The following single letter instructions can be inserted 
at any point in the programme to control the layout of results. 


X carriage return 
Y line feed 
Z space. 


(viii) The letter H is a stop instruction: the machine halts. 
It can be made to resume operation by pressing a key on the 
console. 

As a simple exercise in coding write down instructions for 
evaluating the sum of squares of vl, v2,..., vl00. A suit- 
able sequence is: 
= el 
=0 
2 v102 = unl & val 

v101 = v101 + v102 
= Mal 
j2, 100 > nl 


Such a group of instructions may form part of a larger 
programme involving the variables in question. 

A complete programme of instructions and numbers is 
normally recorded inside the machine before being executed: 
it is therefore necessary to explain the input procedure. 

The programme tape is prepared on a keyboard perforator 
on which are engraved the standard symbols. The material 
is “punched” in the conventional fashion, namely from left 
to right and down the column. Each instruction is followed 
by the symbols CR (carriage return) and LF (line feed). The 
keyboard is normally on “‘figures”” which means that capital 
letters have to be preceded by LS (letter shift) and followed 
by FS (figure shift). Blank tape corresponds to blank paper 
and any number of blanks may separate the symbols provided 
their order is preserved. About six inches of blank should 
be left at the head of the tape. Associated with the keyboard 
is a printer which gives a printed copy of whatever is punched; 
this should agree with the original manuscript. 

As the programme tape is scanned the instructions are 
normally recorded in the store where ultimately they will be 
obeyed. The rate of scanning is approximately one instruction 
per second and the rate of execution about eight per second. 
In the case of instructions included between brackets each 
instruction is executed immediately after it has been read 
and is not recorded in the programme proper. This facility 
is used to start the programme simply by including an 
unconditional jump instruction between brackets, e.g. (1) 
which means “‘stop reading the tape and start obeying the 
programme at the instruction labelled 1.” 

Having got the programme started it may be necessary to 
call on the input medium for further numerical data, This 
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may be done in two ways for which it is necessary to introduce 
two further instructions. These are: 

(ix) z = J, which means “replace z (which has the same 
significance as before) by the number formed by the next 
group of symbols on the tape”’; 

(x) the letter T which causes the machine to start reading 
further instructions from the tape adding them to those 
already recorded in the store. 

The former instruction may be used to read a tape bearing 
numbers only. 

The T instruction, combined with the “bracket” facility, 
allows data to be input in the form (z = constant). This iS 
a convenient method of altering parameters in between 
different runs. Thus, for example, if the supplementary 
instructions take the form 


(v23 = 0-012 
124 = 0-965 
n3 = 12 
j\) 


then the effect will be to repeat the run with these new values 


of the quantities v23, v24 and 73. 

To illustrate the coding scheme described above, the follow- 
ing calculation is programmed. 

It is required to compute. 


ui 1 — (p2/p,)7!7 


1 — (pp/p3)/2/7 where p, = 30, p3 = 40 


3/2 2/7 
P34 a1 tl*(p3/p3) | 
(p2/p\)?!7 
ee 
rm 3 +21 — 
(p2/p\)7!7 
for values of p,; of the form 40 — (10n/156-4), where 
n = O(1)156. 


The programme which required about 10min to draw 
up is given below. For each value of p the time of execution 
is approximately 24 s plus the time to print the results—about 
a further 24s. If the calculation is treated conventionally 
the time of execution could be reduced almost to the printing 
time above but the coding time might well run into several 
hours. 


2vl = 40 (p, = 40) 
v2 = 30 (pz = 30) 
v3 = 40 (p3 = 40) 
v4 = 10/156-4 
v5 = v2/v3 (p2Ip3) 

06) — EDS 

Oli 2/7. 

v8 = v7 & v6 

v9 = Ev8 (p2/p3)7!7 
1v10 = v2/v1 

vil = Lvl10 

v12 =v7 ®& vil 

v13- = Evl2 (p2/p,)7!7 

VIG "17913 

Olas Sw 

XYPvl6 = v14/v15 forms and prints t on a new line 

O17 SONG 

v18 =v17 & v9 


v19 = v18/v13 
v20 = v/16 @ v19 
o21 = 1 — 020 
v22 =2 @ v21 


The following notes are of interest. 


whose index is a general linear function of one or more inde:} 
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ZPv23 =1:3 +22 forms and prints r, 


-y24 = 1 —v19 
025 = 2 @ v24 
ZPv26 = 1:3 +425 — forms and prints r,, 
vl = v1 — v4 adjusts p, 
Fl vob 20 tests for last cycle 
(j2) starts programme 


(1) The maximum number of instructions allowed cannot | 
be given very precisely but a safe estimate is 500, which, ) 
in view of their comprehensive nature, should be} 
adequate for the class of problems envisaged. } 
No attempt has been made to economize on the use of |: 
variables. Thus, for example, instead of v9 = Ev8 we} 
could write v8 = Ev8 since the argument is no longery 
needed. However, nothing is gained by so doing since} 
space is Virtually infinite for problems of this kind. . 
A further example of laziness is the means adopted for) 
evaluating 2/7. Instead of bothering to evaluate the} 
fraction we have simply included an instruction for} 
doing so, namely v7 = 2/7. aot 
The value of any intermediate quantity can be printed) 
simply by inserting a P before the appropriate instruc- 
tion. This may be useful in locating mistakes: the P: 
can afterwards be erased by turning it into a @. i 
Rounding off. In general the “machine” rounds off : 
only where necessary; in particular the following rules | 
are observed. Ay 


(2 


—S 


(3 


— 


— 
BSS 
wm 


(5 


— 


(a) During input. Constants, which appear in’ 
decimal form on the input medium, are converted to! 
the scale of two inside the machine. Whole numbers} 
are converted exactly but terminating decimal fractions, |t 
which may or may not have terminating binary equi- 
valents, are replaced by an approximately equivalent 
binary fraction. (It is, of course, possible to arrange! 
that those fractions which, like 0-125, do have an! 
exact binary equivalent are converted exactly.) 

(b) During the subsequent calculations. In_ the] 
instructions (ii) rounding off takes place only where th 
result extends beyond 39 significant binary digits. Ir) 
the instructions (iii) the accuracy obtainable depends or}; 
the nature of the function and argument. For example 
in forming the cosine of an angle of about 1000 rev.) 
three significant decimals are unavoidably lost. — The 
jump instruction (v) involves taking the difference! 
x — y, an operation which is identical with the corre) 
sponding form of instruction (ii). ‘] 

(c) During output. Numbers are first converte j 
from floating binary to fixed binary form, digits beyong 
2-40 being discarded. The resulting number can b | 
converted to decimal form exactly since a terminating 
binary fraction has a corresponding decimal equivalent 
but in fact conversion is carried only as far as thi 
number of decimal places required—set on the hand! 
switches. 


This completes the standard account. The “simpli 
machine”’ is not necessarily the ideal machine for all purposes) 
For example, the coding of repetitive work could be madi) 
more economical in instructions by introducing variable! 


quantities. However, this facility would not be appreciatec| 
in the kind of problems to which the “‘simple machine” i 
restricted. Moreover the inclusion of such facilities woul? 


[tend to destroy the main advantage of the “simple machine,” 
namely its simplicity. 
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this paper describes an investigation into a phenomenon of 
dhotomultiplier dark current instability, under conditions 
obtaining in many experimental procedures where the tube 
fis housed in an earthed metallic casing and operated at room 
jtemperature with its anode at approximately earth potential 
and its cathode at a potential of —1000V. Under such 
Onditions, it has been found that should the glass envelope 
reither touch, or come into close proximity with, the earthed 
metallic housing, both the level and the fluctuation in the 
;dark current increase, in some cases by a very large factor. 
The fluctuation is here defined as the maximum variation in 
‘dark current under fixed circuit constant conditions. 

An investigation into the effect of glass envelope potential 
ion the dark current /evel has been reported by Taylor,“ and 
Morton and Mitchell,@ whose results are confirmed in the 
present work. These authors, however, do not deal with 
ithe influence on dark current fluctuation, which effect is 
istressed here. 

| This phenomenon of instability is clearly of importance in 
fexperiments concerned with the detection of small changes 
win light flux, using sensitive scintillation dosemeters of the 
jtype described by Belcher.@) The effect was first observed 
jin optical experiments designed to study the behaviour of 
Night pipes in clinical scintillation dosemeters. In these 
experiments the photomultiplier and its dynode resistor chain 
iwere mounted in a light-tight brass housing of about twice 
\ he diameter of the photomultiplier, provision being made 
for a lateral positional adjustment of the photomultiplier for 
I" entring purposes on an optical bench. It was observed that 
in an extreme setting of the photomultiplier, when the glass 
envelope either touched or was very close to the metallic 
housing, the dark current increased considerably and, even 
\of greater importance (since the dark current itself could be 
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Instability of photomultipliers 


DE VALENCE, M.Sc., A.Inst.P., Institute of Cancer Research, Royal Cancer Hospital, London, S.W.3 
[Paper first received 1 April, and in final form 1 June, 1955] 


A phenomenon of dark current instability in specified types of electrostatically focused photo- 

multiplier tubes is described. Particular attention is drawn to the variation with glass envelope 

potential of dark current fluctuation under fixed circuit constant conditions. 

instability does not appear to be related to the relative photometric sensitivity on the tube. A 

possible explanation of the phenomenon on the basis of electron defocusing is suggested, and a 
satisfactory method of eliminating the disturbance is described. 


The degree of 


“backed off” electronically) there was a considerable increase 
in the dark current fluctuation. This markedly reduced the 
accuracy with which small changes of light flux could be 
detected above the noise level. 


EXPERIMENTAL 


In the experiments described below, measurement of dark 
current was made using a valve voltmeter of very high input 
impedance, based on a circuit suggested by Scroggie.4 This 
instrument measures the potential developed by the photo- 
multiplier output current, across a high stability resistor of 
108 Q. In all the investigations that follow the time constant 
of the associated electrical circuits was 107! s. 

In a preliminary investigation, the photomultiplier was 
supported horizontally, free from any earthed screens, in a 
large light-tight box. The dark current measured under these 
conditions is hereafter referred to as ‘‘normal.” A single 
turn of naked copper wire was then loosely suspended around 
the glass envelope and the dark current was again found to 
be normal, provided that the wire was electrically floating. 
If, however, the wire was earthed the dark current and dark 
current fluctuation increased noticeably. 

The same phenomenon was observed when the single turn 
of wire was replaced by a turn of insulated wire. In this 
case, however, a capacitive effect was apparent in that 
immediately the photomultiplier e.h.t. was switched on, the 
dark current and fluctuation was excessively high, and then 
gradually decreased to an equilibrium value which was 
higher than normal. The time taken to reach the equilibrium 
value could be increased by increasing the number of turns 
of wire. Further, the actual position of the wire on the glass 


eine 


envelope seemed to have no observable influence on the degree 
of instability induced when the wire was earthed. 

In order to measure the degree of instability two Terry 
clips were rigidly connected together and fitted over the 
glass envelope of the photomultiplier so that their open ends 
were in front of the photocathode, thereby allowing sensitivity 
tests to be carried out. By connecting the clips to selected 
points in the dynode resistor chain, the potential of the 
envelope could be varied from 0 to —1000 V in 100 V steps. 

Using this arrangement eight photomultipliers of types 
27M1, 931A and 1P21 were investigated. The electrode 
arrangements of these types, and the effect of current 
fluctuations has been discussed by sevefail authors (see, for 
example, Morton and Mitchell® and Rhodda®:®), At 
each value of glass potential the dark current, dark current 
fluctuation and photometric sensitivity were measured, the 
latter to test for any possible relation between changes in 
sensitivity and changes in dark current fluctuation. Further, 
the relative photometric sensitivities of all eight photo- 
multipliers were measured under “‘normal” conditions (i.e. 
glass envelope electrically floating) for the purpose of estab- 
lishing any possible relation between tube sensitivity and the 
degree of instability induced by earthing the envelope. The 
possibility of a hysteresis effect was investigated by varying 
cyclically the envelope potential between —1000 and 0 V. 
No such effect was observed. 

All the photomultipliers investigated exhibited the pheno- 
menon described, the degree of instability increasing as the 
envelope potential approached zero. The results of these 
experiments are discussed below. 

In the case of one of the photomultipliers (a type 27M1 
tube) an experiment was performed extending the envelope 
potential range to voltages outside those at which the photo- 
multiplier is operated. A Dynatron type 200 (0 to 4kV) 
power unit was used to provide the necessary potentials and 
the experiment was carried out for potentials varying from 
—1460 to +2000 V. 


RESULTS 


Fig. 1 shows a typical curve of dark current plotted against 
envelope potential over the range 0 to —1000 V. The arrow 
indicates the “normal” dark current level. In this particular 
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Fig. 1. Variation of dark current with envelope potential 


case (a type 27M1 tube) the dark current when the envelope 
is earthed is some thirty times that when the envelope is 
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electrically floating. The dark current fluctuation in this j 
tube also increased by a similar factor, while its photometric 
sensitivity was found to increase by a factor of only 1-1.7 
It is seen that the dark current remains sensibly constant over jj 
an envelope potential range extending from about —750 to} 
—1000 V, and this is the region of most stable behaviour. 
This “range of stability” is arbitrarily taken as that range of i 
envelope potentials over which the dark current remains | 
within 20°% of its “normal” value. | 

The plots of dark current against envelope potential for} 
all eight tubes investigated were of a similar shape to that of | 
Fig. 1, although the factors by which dark current and} 
fluctuation increased, varied markedly from tube to tube. /] 
The following table summarizes the behaviour of the tubes} 
investigated. f 


Factors of increase in: 


Relative Dark 

Tube aetna ene iciiaien Sensitivity Range of stability (V))) 
27M] (A) 1-20 7 50 1-05 —700 to —1000) 
27M1 (B) 0-88 5 14 — —600 to —1000 D 
[P21 0-87 2 3 1-00 —600 to —1000) 
931A (A) 0-74 72 140 1-10 —700 to —10009 
931A (B) 0-61 4 30 1-00 —600 to —10004 
27M1 (C) 0-55 2 Z 1-00 —600 to —1000{ 
27M1 (D)* 0-33 30 30 1:10 —750 to: —-10000 
931A (C) 0-06 8 30 — —600 to —10009 


* The behaviour of this tube is shown graphically in Figs. 1 
2 and 3. 


The “factors of increase” quoted in columns 3 to 5 are the! 
ratios of the quantities measured at zero envelope potential} 
to those with the envelope electrically floating. The relative? 
photometric sensitivities of the tubes investigated varied over 
a wide range (column 2), and from these results there does 
not appear to be any relation between photometric sensitivity } 
and the degree of instability (particularly column 4) induced | 
by earthing the glass envelope. In most cases the factor by} 
which the dark current increases is different from that by 
which the fluctuation increases and there seems to be no 
simple relation between these factors. 

In the experiment over an extended voltage range the tube | 
used was the one, the behaviour of which is shown in Fig. 1.) 
Figs. 2 and 3 show the variation of dark current and fluctua-| 
tion respectively with envelope potential over the ranges 
—1460 to +2000 V. It is seen that as the envelope potential 
is increased negatively beyond —i000V the dark currenti 
rises very sharply and the tube displays abnormally high} 
instability in this region. Also, for a given value of dark} 
current in this region, the fluctuation is far more marked than} 
that for the same value of dark current in the positive 
potential region of the curve. 


DISCUSSION 


Two possible explanations of the observed effects may be} 
tentatively suggested: 

(a) increased evaporation of electrons from the photo- 
cathode due to glass envelope potentials which are sufficiently! 
positive with respect to the photocathode. Such potentials: 
may also have the effect of attracting some of the electrons) 
out of the dynode system, thereby influencing the noise level; 

(6) a defocusing effect between photocathode and first 
dynode. Since the photocathode is at a potential of —1000 V, 
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ithe resulting electrostatic field on 1 earthing the envelope is 
Egreatest i in this region. 

| If electron attraction alone were the cause of this pheno- 
imenon it would be expected that as the envelope potential is 
lincreased negatively beyond —1000 V the curve would either 
fall very gradually or remain parallel to the abscissa. It is 


Dark current(A) 


+500 +1500 
Glass envelope potential (V) 


Variation of dark current with envelope potential 


20 


O 


Dark current fluctuation { 
O 


+500 
Glass envelope potential (V) 


- 1500 =, 01S) + [500 


Variation of dark current fluctuation with 
envelope potential 


Bis, 13. 


Hseen in Fig. 2, however, that it rises very sharply. Further, 
jit is observed that the rise for potentials between about 
;—1300 and —1460 V (i.e. 300 to 460 V negative with respect 
ito cathode) is very much sharper than that for potentials 
between about —700 and —500 V (300 to 500 V positive 
iwith respect to the cathode). This is precisely what might 
lbe expected from a combination of both defocusing and 
Helectron attraction, since the overall noise ievel in a photo- 
imultiplier is determined primarily by that at its first stage, 
jie. the photocathode. Envelope potentials differing from 
that of the photocathode either positively or negatively 
would give rise to extraneous electrostatic fields which 
icould, if sufficiently large, produce a defocusing of electrons 
land this would become manifest as an increase in noise level. 
iSuch an increase produced by a positive envelope potential 
(relative to the photocathode) would probably not be as 
igreat as that produced by an equally negative envelope 
tpotential since, in the latter case, the electrons would be 


repelled into the dynode system, giving rise to an even greater 
increase in dark current and not attracted out of the system 
as would be the case for positive envelope potentials. The 
non-symmetrical nature of the curve shown in Fig. 2 can 
thus be explained on this basis. 

It would appear from this analysis that from the point of 
view of most stable operation it would be of some advantage 
to connect the glass envelope of a photomultiplier to its 
cathode, thereby minimizing electrostatic disturbances. In 
practice, however, since all tubes investigated have a range 
of stability extending over a few hundred volts in the region 
of the cathode potential, the actual envelope potential giving 
maximum stability is not critical and the envelope may be 
connected to, say, the second dynode (—800 V) with equal 
advantage. This can be carried out in the following manner. 

A fine wire is wound a few times around the glass envelope 
where the latter enters the base, and is soldered on to the top 
of the second dynode pin. The coil of wire is then covered 
with Aquadag and two Aquadag strips painted over the 
glass, each beginning at the coil, continuing over the top of 
the tube and ending at the coil on the opposite side, care 
being taken that each strip is well clear of the “field of vision” 
of the photocathode. ; 

(A similar method of surrounding the glass envelope, by 
a screen which is maintained at a potential substantially 
negative with respect to the anode, has been patented by 
Rhodda and Heath.) 

This method has proved very successful in achieving good 
stability. It should be pointed out, however, that this treat- 
ment of photomultipliers is only likely to increase stability in 
experimental arrangements where there exist disturbing 
electrostatic fields such as, for example, in apparatus where 
the photomultiplier is very close to an electrical screen, the 
potential of which differs by at least a few hundred volts 
from that of the photocathode. 
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A polarized light study of glass fibre laminates 
By G. A. Horripce, M.A., Ph.D.,* Royal Aircraft Establishment, Farnborough 


[Paper received 16 April, 1955] 


The use of a stress sensitive resin (Marco 28C) in the formation of a glass-fibre-resin laminate 
makes possible a photoelastic stress analysis of a highly anisotropic material. — 5M 
an application in conjunction with theoretical stress analysis in anisotropic materials; it is hoped 
that it will also be of value to the designer of reinforced plastic structures. we 
the resin and the fibres in a laminate under load has been studied with the aid of a polarizing 
A disconcerting feature is the discovery of a pattern of cracks which open under 
relatively small stress, and which may provide a pathway for erosion by water. 


microscope. 


Glass-fibre-resin laminates are reinforced plastics in which 
the reinforcement is a mat or cloth of glass fibre and the 
matrix is one of the large range of synthetic resins now 
available. The high strength-weight ratio of these materials 
has led to a great interest from the aircraft industry but their 
applications are best known from the boats and sports-car 
bodies that are beginning to appear. The materials themselves 
are expensive but fabrication costs are relatively low and, if 
design problems: can be overcome, it seems that the use of 
these materials for complicated moulded shapes will continue 
to increase. The present work is an attempt to study the 
interaction of the resin with the fibre and at the same time 
to initiate photoelastic analysis of anisotropic materials as an 
aid to design. 

The use of reinforced plastic laminates for photoelastic 
observations is important from three points of view. First, 
for the designer of plastic structures, any assistance in the 
calculation of the state of stress and stress concentrations in 
an anisotropic material is welcome because the theory is 
embryonic and extremely cumbersome. Even in isotropic 
materials it is an advantage to make use of photoelastic 
models, but in these anisotropic laminates an actual structure 
itself may often be examined in this way. 

Secondly, for the manufacturer of either resin, fibre or 
surface treatment, information about the behaviour of 
laminates under load is useful in the search for better materials. 
Improvement of the laminate and the effect of the surface 
treatment of the glass fibre is at first sight brought about by 
a better adhesion of resin to fibre, but the failure to achieve 
theoretical strengths at all orientations is very likely due to 
stress concentrations at this interface, and the effect is 
augmented by better adhesion. The photoelastic effect is 
due to stress in the resin, and the observations given here, 
that at a given strain this is the same for all orientations, 
shows that it arises from resin that is straining with the fibre 
and acting as a mere passenger. Exploiting the stiffness of 
the resin at 45° to the fibres merely means that the overall 
Young’s modulus is so much lower in this direction that the 
stiffness of the passenger is felt. This justifies the methods 
used elsewhere for calculating the stiffness of these materials.+ 
It is futile to eliminate resin, though much of it only adds to 
the weight, because in it are neutralized all the secondary 
stresses that hold the fibres in place relative to each other. 
The existence of these is shown after removal of primary 
stress effects by a suitable alinement of the polaroids. 

Thirdly, it is important to be able to check photoelastically 
the predictions of any theory of anisotropic materials. Such 
a theory is necessarily complicated by an excessive burden of 
coefficients and the calculation of photoelastic results will 


* Now at St. John’s College, Cambridge 
+ Gorpon, J. E. J. Roy. Aero. Soc., 56, pp. 705-728 (1952). 
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This will have 


The relation between 


also be long and tedious. So far as the author is aware a 
complete photoelastic solution for an anisotropic material is } 
not available. 


& 
TECHNIQUES 


To obtain a glass-fibre laminate sufficiently transparent for [ 
photoelastic work it is important to follow certain recom- 
mendations. The materials and the moulding surfaces must % 
be absolutely clean. The surface of the fibres must be treated | 
with vinyl di-chlorsilane after burning off all the size, or be @ 
volanized by the manufacturer. The birefringence of the @ 
starch grains normally used in sizing the fibre interferes with | 
the measurement of retardation and a poor adhesion of resin # 
to glass produces an opaque laminate. The refractive index 
of the resin (Marco 28C by Scott Bader and Co. Ltd.) used 
in the present work was sufficiently near that of the glass to f 
give the laminate a blue appearance by transmitted light : 
because it is impossible to match the dispersive powers of 
the two materials. To avoid gas bubbles in the final product ; 
it may be necessary to remove dissolved gas from the resin | 
with a vacuum pump, but satisfactory results are generally | 
obtained without this precaution, as long as a temperature # 
rise of more than 10° C is prevented by high thermal capacity 
of the moulding surfaces. 

The moulding technique is important. The cloth is cut 
along the line of a pulled-out thread. For flat laminates a 
plate-glass surface is used for moulding, coated with a com- ff 
mercially available cellulose-ester parting agent. The plate- | 
glass is mounted on a frame and illuminated from below, so | 
that air bubbles may be clearly seen. Starting with twice the 
weight of mixed resin as cloth, about 20 ml. of resin is poured 
on, the glass and a piece of clean, treated cloth laid carefully 
over. The resin is slowly pushed outward from the centre | 
with a finger, progressively wetting the cloth, and air bubbles 
are stroked out. This is repeated for ten to twelve layers of 
cloth to a thickness of + in. or so. The threads of all layers 
must run in the same line unless a crossed arrangement is 
intended. When sufficient cloth has been smoothed down, a 
sheet of cellophane is laid over with an overlap of about 
12 in. all round. This must be stout, dry, without creases, 
and preferably not treated with cellulose nitrate as are some 
brands of “moisture-proof” cellophane. Working from the 
centre the laminate is then firmly rolled with a rubber roller 4% 
and all visible bubbles pushed out. The large overlap of the # 
cellophane prevents the return of air into the laminate. It is ! 
best to arrange the concentration of catalyst to give a setting- 4 
time of four to six hours. To avoid extensive creep, see Fig. 1, | 
it is an advantage to harden off the resin the next day by | 
warming to 80°C for an hour. The best results have been 
obtained with satin-weave cloth, thirty-two threads per inch; | 
so-called unidirectional materials always produced an opaque | 


BRITISH JOURNAL OF APPLIED PHYSICS 


A polarized light study of glass fibre laminates 


Resin alone 


{SOOO (same thickness) 


oe 

10000 

o 

3 

S 

faz 

O O5 +O 
Strain (%) 
Fig. 1. A calibration of four test pieces (No. 3 is 


|; repeated four times) cut in different directions from a 

| laminate in which the resin is insufficiently cured and 

| shows considerable creep. Volan-treated eight-strand 
, satin weave 


Thickness Young’s modulus Angle to warp 
Test piece (in.) (lb/in.2) x 10-6 (degrees) 
1 0-170 Tet 70 
2, 0-165 2-0 90 
3 0-170 0-75 40 
4 0-165 IES) 0 


. Fig. 2. Two shapes cut from an eight-strand satin- 
| weave laminate, similar in all respects and in loading 
_ conditions but that the warp and weft of the reinforce- 
/ ment run in the directions shown by the black lines. 
_ The white cross shows the direction of the polaroids. 

The maximum. retardation at the edges is given in the 


| table. No quarter-wave plates were used and a slight 
difference can be seen between the isoclinics of the two 
test. pieces 
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product. Analysis by ashing the final laminate after the 
experiment should give a resin content of about 50 Ves 

The stress in the resin is only a fraction of that in the fibre. 
This, and the fact that the maximum thickness is about 4 in., 
means that retardations are obtained which are relatively 
small for photoelastic work. A compensator must therefore 
be used for quantitative work. Using monochromatic light 
(sodium light) the fifth or sixth fringe can be reached in 
simple tension but the danger of buckling in compression 
test pieces prevents such high stresses. An example with 
a more complicated test piece, Fig. 2, shows a typical 
picture. 

Ordinary straight-waisted test pieces in simple tension are 
used, cut at a variety of angles to the direction of the warp. 
They must be at least an inch wide to ensure that load is 
transferred into fibres which do not run along the axis of the 
test piece. To retain the transparency, the front and back 
surfaces are not machined and in general it is not necessary 
to grease the surface or work in oil. It is expected that the 
usual procedure in photoelastic work, e.g. axiality, uniform 
illumination, direction of machining, will be followed. Time- 
edge effects are not likely to arise. 

For the microscopical work, thin laminates of a single 
thickness of cloth are cast on glass. Straight strips 6 x 4 in. 
cut at various angles to the fibre are fitted symmetrically with 
metal ends, fixed with Araldite. With a simple miniature 
testing machine, mounted on the revolving microscope stage, 
the test piece is observed and photographed by polarized 
light. The directions of the stresses are found by revolving 
the stage and plotting isoclinics in the usual way. 


CALIBRATION RESULTS 


The basic result, which is interesting from several points of 
view, is that the retardation per unit strain is independent of 
the orientation of the fibres with respect to the test piece. 
This is shown in Fig. 3, in which are plotted results from 
three test pieces cut in different directions from the same 
laminate. In laminates of this kind the Young’s modulus 
varies from 0-75 x 10° lb/in.2 at 45° to the grain to 
3-0 x 10s lb/in.2 along the grain, and for a given photo- 
elastic effect the loads are inversely proportional to these 
values. In the samples made as described a retardation of 
10000 A for 0-5°% strain was usual for a laminate Ali 
thick. 

This result makes it possible to use this method in quanti- 
tative work, at least in determining stress concentrations at 
an edge (see the table), and must form the basis for a theory 
of photoelasticity of these anisotropic materials. 


The values of the retardation observed at the points marked in 
Fig. 2 and the corresponding stresses calculated from the data 


on Fig. 10 
Retardation Calculated stress 
(db/in.2) 
A tension 4050 3800 
B tension 5900 2400 
E compression — 3660 —1400 
D compression —2560 —2500 


On a maximum tensile-strain theory the upper test piece 
will be stronger than the lower. The greater compression at 
D than at C shows the tendency to transfer the load into the 
parts of the structure where the fibres are better orientated. 
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Calibrations of laminates containing so-called “unidirec- 
tional” reinforcement (warp: weft = 9:1) show that test 
pieces cut parallel to the warp behave in the normal way, 
with a fringe strain coefficient similar to that for satin-weave 
materials; but for those at an angle to the warp the retardation 
per unit strain is much lower, in fact less than half. It is not 


20000 


Retardation (A) 


O O5 l 
Strain (%) 


Fig. 3. Calibration of three straight test pieces in simple 
axial tension. The retardation is proportional to strain, 
independent of the direction relative to warp of the 


cloth. Eight-strand satin weave cloth, vinyl di- 
chlorsilane-treated 
Thickness Young’s modulus Angle to warp 
Test piece (in.) (Ib/in.2) x 10-6 (degrees) 
1 0-236 0:9 40 
2 0-235 1:95 22 
3 0-229 Des 9 


clear what is happening in these cases, but certainly 
“unidirectional”? reinforcements cannot be treated under the 
simple rule. 


DISCUSSION OF PRIMARY RESULT 


A glance at the procedure for making a laminate shows 
that a great many variables may be changed at will. The 
stress birefringence of the resin depends to some extent on 
the conditions at the time when it was mixed, e.g. exact 
percentage of catalyst, temperature, rate of hardening, and 
the resin varies from batch to batch. If a model is cut from 
a flat laminate this does not matter, for a calibration piece 
may be taken from the same sheet. But it is a valuable 
characteristic of reinforced plastic that complicated shapes 
are moulded, not assembled or machined; in this case a flat 
laminate for calibration must be made at the same time under 
the same conditions. As long as a reasonable transparency 
is obtainable by use of treated fibre, there seems no reason 
why large structures should not be tested in a qualitative way 
for points of high stress in the plane of the laminate while 
under load. However, the method would not necessarily 
give a warning of high interlaminar shear, which is a common 
cause of failure in these materials. 
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MICROSCOPICAL ‘OBSERVATIONS 


For an understanding of the changes when a reinforced ot 
plastic is loaded, the use of a polarizing microscope is essential, 
but this is a technique that has been rarely used in the field 
of stress analysis. Models of a more convenient size cannot )) 
be used in this case, in which both the initial stresses which 
arise from shrinkage of the resin and those which appear fi 
under load, depend on the absolute dimensions of the rein- jj 
forcement. For example,’ when a large straight “fibre” such ! 
as a glass rod 12 in. long and 0-1 in. diameter is embedded §& 
in Marco polyester resin, the tensile stresses which appear ¢ 
when it sets are sufficient to fracture the resin. The cross- 
wise compressive forces on such a rod are sufficient to give ¥# 
the appearance of a powerful adhesion which is not found lf 
when this resin sets on a clear flat sheet of glass. The case 
of the fibre a thousand times smaller must be similar but, ij 
though looked for, the compressive forces in the resin have 
not been seen. The resin gives approximately 20 A retardation 
per inch thickness per lIb/in.?, so that for a glass fibre of 9 
usual size a simple compressive stress of 1000 Ib/in.? at the 4 
interface would be about the limit of sensitivity. 4 

The directions of the principal stresses (P and Q) in a\ 
loaded laminate as shown in Figs. 4. and 5 are obtained by % 


LLY ga 
VL A, 
YY Wt 
Fig. 4. The directions of the greater principal stress in 
the resin plotted from isoclinics obtained by rotating the 
microscope stage. This is impregnated “‘unidirectional” 


fabric with the main axis horizontal and twelve horizontal 
threads per inch 
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Fig. 5. The directions of the greater principal stress in | 
the resin plotted from isoclinics as in Fig. 4. This is — 
“‘satin weave’ fabric which has been opened out to make 

__ large spaces between bundles 
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A polarized light study of glass fibre laminates 


S \ 


Fig. 6. Cracks between the fibres of the weft photo- 


graphed after partial removal of a former load of 

approximately 6000 Ib/in.?.. The polaroids are orientated 

to cut out the stress birefringence of the resin. The white 

line (0:03 in.) shows the scale and the direction of the 
loading 


\ 
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The black arrow indicates a small 


failure 
where warp crosses weft, as a result of a former load of 


rig, &, 
8000 Ib/in.2 at 45° to the directions of the fibres. The 


white line (0-03 in.) shows the scale and the direction of 
the loading 
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Fig, ©. 


Fig. 7. Satin weave volanized 
45° to the fibre directions. 


< 


cloth under a load that is 
Note the neutral axes where 
the fibres cross and the light areas caused by curving of 
the lines of principal stress in the outside of the bundles. 
The arrows indicate the points where failure is initiated. 


Stress 3000 Ib/in.?.. The white line (0-03 in.) shows the 
scale and the direction of the loading 


A ae SES a Fe fe 2 
Square weave volanized cloth under load that is 
parallel to the warp. Note the stress in the resin round 
the warp bundles and the cracks between the threads of 
the weft. Stress approximately 5000 lb/in.2._ The white 
line (0:03 in.) shows the scale and the direction of the 


loading 
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See pages 320-322 


Fig. 2. Cathode sheath (1) and meniscus (3). 

The anode was just beyond the right-hand 

edge of the photograph. There is slight 

convergence visible of the beam to the anode 

side of (3). The patch of light near the base 

of the right-hand probe is a reflexion from 
the tube wall 


Fig. 3 
Fig. 4 


Fig. 3. Beams deviated beyond (3). The conver- 

gence of the central beam was often more marked 

than in this instance. The cathode sheath (1) is 
clearly visible 


Fig. 4. Collapse of ribbon beams at (3). The 

dark line is a large probe the presence of which 

was without effect. The cathode shield was at the 
left-hand edge of the photograph 


Fig. 5. Broadening of narrow beam by oscilla- 

tion. The flat probe is near the right of the 

photograph. A wire probe, not in use at the time, 
is behind the flat probe 


Fig. 5 
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plotting isoclinics. The method gives only the resolved 
iidirections of P and Q in the plane of the laminate and hence 
ithe shear stresses where the bundles cross do not appear. 
|The crowding of stress lines at the corners of the resin window 
lis Shown and also the interesting fact that load is transferred 
iprogressively from the resin to the fibres as we move along 
: stress line from the periphery of a bundle to its centre. 
‘This is accompanied by the curving of the stress lines in this 
jiregion and it immediately suggests that an optimum bundle 
size will exist for given conditions. 

Besides giving the directions of the stresses and intensity 
. of stress concentrations in a reinforced plastic under load, 
polarized light may be used to show minute cracks which 
appear in the resin between the threads of the weft when 
itensile loads are applied in the direction of the warp, Fig. 6. 
he stress at which these appear (4000 lb/in.2) is much less 
than normal working stresses of these materials and about a 
tenth of the ultimate. This shows the uselessness of absolute 
ata on erosion tests and sea-water resistance from observa- 
tions On unstressed material, though such tests may be valuable 
jtor rapid comparison of alternative methods and materials. 
ithe position of these cracks shows that even in extension 
parallel to the warp, the straightening out of the crimp in 
the fibre produces an irregular distribution of load in the 
yesin, sufficient to produce a pattern of small failure points. 
The picture obtained with plain stress at 45° to warp and 
veft is shown in Fig. 7. Small failure points, Fig. 8, appear 
xf the areas where the warp crosses the weft, as a result of 
‘near stresses where one overlies the other. Being in the 
i:tane of the principal stresses, these patches are not respon- 
Fidle for failure, although their progressive multiplication is 
tie basis of the creep, always pronounced where the stresses 
re at an angle to the fibres. This process can be followed in 
2, test piece loaded under the microscope. Failure is initiated 
yy cracks in the resin at the points shown by the arrows in 
)|-ig. 7, where there is the maximum tensile strain in the resin. 
Very roughly, reinforced plastics fail at a given breaking 
train, irrespective of fibre orientation, and the above results 
ead one to think that the breaking strain of a resin is the 
property that determines its effectiveness as a bonding agent 
for glass fibres. 

_ With the load parallel to the warp there is quite a different 
Histribution of stress in the resin, particularly noticeable at 
relatively small stresses (Fig. 9). The resin windows between 
he fibre bundles now appear unstressed because the fibres 
take the load but the birefringence largely originates in the 
|! esin between the individual fibres. This is thought to arise 
rom unequal strains of the individual fibres and a consequent 


i 
libre to fibre redistribution of the load at all points throughout 
the bundle. 
The mechanism of creep can be shown indirectly. In Fig. 10 
phe values of retardation (P — Q) in the resin are plotted 
‘gainst load for three orientations. As a result of creep the 
yeturn path does not follow the loading path. However, for 
est pieces cut at an angle greater than 20° to the fibres, the 
; etardation per unit stress increases after creep has occured 
but parallel to the fibres it decreases. The first case is inter- 
preted as a transfer of stress into the resin by sliding of fibres 
bver each other, and has no limit. The second case is inter- 
ibreted as a transfer of load from the resin to the fibres, because 
ithe progressive removal of crimp from the fibre bundles 
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A polarized light study of glass fibre laminates 


increases their stiffness relative to the resin. The retardation 
per unit strain (Fig. 3) is always lower in the unloading part 
of the curve. This is a property of the resin, which has 
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Retardation (A) 
) 
@) 
O 
O 


IOO0O0 
Stress (Ib/in2) 
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Fig. 10. The retardation plotted against the stress shows 

that the mechanism of creep depends on the direction of 

the fibres relative to the stress. In Nos. 5 and 6 the 

retardation at a given load is greater after creep; in 
7 and 8 it is less 


Thickness Young’s modulus Angle to warp 
Test piece (in.) (ib/in.2) x 10-6 (degrees) 
5 0-12 0-95 40 
6 0-12 (ETB) 25 
i O- 12: Ded 0 
8 0-12 al 90 


approximately a constant retardation for a given. stress 
(P. — Q) even after a 0:5% creep. 


CONCLUSION 


Some apology must be given for the qualitative nature of 
many of the results given here. However, in the exploration 
of a new subject, particularly one so full of arbitrary recipes 
and variable materials, the biological methods of selection 
and description are better adapted to produce order. It is 


hoped that the topics raised in this paper will at least point 


to the great lack of more fundamental work on these new 
engineering materials, reinforced plastics. 
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The appearance of some oscillating discharges 


By T. K. ALLEN, Ph.D., R. A. BatLey, Ph.D.,* and Prof. K. G. Emeveus, M.A., Ph.D., F.Inst.P., Physics Department, 
Queen’s University, Belfast 


[Paper received 1 April, 1955] 


An account is given of the appearance of some low voltage, hot-cathode discharges generating 
high-frequency oscillations internally in gas at a pressure of the order of 10 3 mm of mercury. 
The primary electrons are deviated laterally, as well as being accelerated or retarded in their 
longitudinal motion, at a distance of a few millimetres from the cathode, in or close to a layer 
of ionized gas which is brighter than the neighbouring plasma. T 
changes discontinuously when a probe is moved through it, giving rise to an apparent abrupt 
alteration of the electrical properties of the discharge along a line normal to the cathode which 
is partly spurious. The layer becomes unstable if large currents are passed, and the tube then 
also generates oscillations with frequencies below 1 Mc/s. 
higher currents by a longitudinal magnetic field. Two other instances are recorded of a close 
association of high-frequency and low-frequency oscillations. 


Hot cathode rectifiers and thyratrons containing gas at low 
pressure are commonly found to be generators of electro- 
magnetic oscillations in the centimetre and decimetre bands.) 
The processes responsible, which involve large amplitude, 
non-linear disturbances of the discharge, have not yet been 
fully analysed mathematically.@: 3) In their pioneer work 
on these oscillations, Merrill and Webb™ noted that the 
discharge had an unusual visual structure, somewhat similar 
to that previously described by Druyvesteyn and Warmolz“) 
in other hot-cathode discharges, but did not investigate it in 
detail. The present paper is a fuller account of the appearance 
of oscillating discharges of these and similar types. Most of 
the observations were made incidentally to electrical investi- 
gations of plasma-electron oscillations 7 of which an 
account has been given elsewhere.(® 9) 


EXPERIMENTAL ARRANGEMENTS AND RESULTS 


As the structure of ‘discharges cannot be seen clearly with 
bare cathodes, on account of the glare, oxide-coated cathodes 
have been used. Disks (with diameters of 3-15 mm) have 
been employed in preference to cylinders, since the symmetry 
of the discharge from the latter hinders observation of effects 
transverse to the primary electron beams. The discharges 
were passed through mercury vapour saturated at room 
temperature (usually 18-21°C) in large demountable 
tubes: !© used on the pumps. Similar results were obtained 
with argon at comparable pressures of a few 10-3 mm of 
mercury. 

The main structural units of an oscillating discharge at low 
voltage (15-50 V) are shown diagrammatically in Fig. 1. 
C is the cathode, emitting from its right-hand face, and A 
the anode, the position of which is largely immaterial so long 
as it is sufficiently far from C for the intermediate structure 
to develop. The principal static fall of potential takes place 
across the thin dark space charge sheath (1) on the cathode, 
the rest of the discharge being nearly at anode potential. 
The primary electrons leave (1) normally, forming a cylindrical 
region (2), brighter than and of different colour from the 
plasma round its lateral surface, and terminated at the right- 
hand side at a distance of a few millimetres by a bright 
meniscus (3), slightly convex to C. The meniscus is often 
bounded on its anode side by a dark layer. After passing 
through (3) the primary electrons are deviated laterally into 
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The position of this layer 


The discharge can be stabilized to 


ut 


approximately conical converging (4) and diverging (5) Y) 
beams. Between (1) and (3) the primary electrons acquire a & 
range of energies centred roughly on their original energy § 
(Dittmer’s “scattering’“), most of the dispersion taking © 
place in (3) or just to the cathode side of it.1° The } 
occurrence of (4) and (5) shows that there are transverse 9 
components of field in (3) as well as longitudinal fields. | 
Strong oscillations can be picked up by a probe only in and 1 
to the right-hand side of (3). 


—_—P 


Fig. 1. Sections of high-frequency oscillating discharge 


C, cathode; (1) cathode sheath; (2) unscattered beam section {| 
of discharge; (3) meniscus; (4), (5) scattered beams; A, anode. | 


Owing to differences of colour and brightness it has not } 
been found possible to obtain photographs showing both the 4 
meniscus (3), and the beams (4) and (5) well simultaneously. | 
Fig. 2 (p. 318) shows (3) and (1) for the following discharge’ 
parameters; diameter of cathode 15 mm, tube voltage 17-1 V,: 
tube current 35mA. (The exact temperature was not? 
recorded for the discharges shown in Figs. 2 and 4.) The} 
outer edge of (1) appears brighter than the plasma immediately ‘ 
to its right. P and Q are two probes on opposite sides of (2). { 
Fig. 3 (p. 318) shows the beams (4) and (5); the position of (3) | 
is indicated. The discharge parameters were: diameter of 4 
cathode 5mm, tube voltage 17-3 V, tube current 29 mA, 4 
pressure 1-55 x 10-3mm. Close inspection of these and } 
other photographs, and of actual discharges, reveals a number | 
of other details. In particular, (4) tends to form an axial line } 
at its apex, without necessarily crossing over to form a new 
divergent beam, and (5) seems to diverge from a small region, | 
narrower than the primary beam, on the anode side of (3), 
rather than from (3) itself. These require further investi-' 
gation, as well as the dependence of the angles of (4) and (5) 
on discharge parameters, 
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| With increase in current and pressure, the plasma electron 
/ concentration and the oscillation frequency increase, and (3) 
| moves nearer to the cathode. The variation of distance with 
} Current may account partly for the curvature of (3), as the 
| current density in the discharge will be greatest opposite the 
}centre of a uniformly activated cathode, but part of the 
curvature may be associated with lateral loss of oscillatory 
energy. 

At constant pressure, the current can be increased only up 
to a certain limit without a change in the character of the 
discharge.®) Below this the meniscus is fairly well defined, 
j and the oscillations have a definite frequency, with, under 
}/ some circumstances, harmonics. Above the limiting current 
| the meniscus becomes blurred, several high frequency oscil- 
| lations not obviously related to one another are recorded, 
j/ and “noisy” lower frequency oscillations appear in the kc/s 
ito Mc/s range. The discharge can be stabilized to higher 
}; currents by a magnetic field (e.g. 50 G), perpendicuiar to the 
cathode. This simultaneously decreases the curvature of (3) 
4 and the divergence of (5). 

The existence of a transverse field component in the 
# meniscus (3) has been shown in another way. A number of 
parallel wires, 0-1mm in diameter, were mounted on a 
; irame 1 mm in front of a flat cathode 15 mm in diameter. 
| dy making the wires positive to the cathode in an otherwise 
# normal discharge, the primary beam passing the wires was 
: split into a set of parallel ribbons. Viewed edge-on, these 
were seen to retain their original shape fairly closely for a 
* short distance, but then to become diffuse abruptly, as if 
they had burst sideways perpendicular to their planes. The 
y place where they became broad was about where a meniscus 
+ would have formed in an ordinary discharge. This effect is 
f Shown in Fig. 4 (p. 318) for an anode current of 30 mA, 
# anode voltage 40 V, and potential of the wires +20 V relative 
« to the cathode. 

The appearances described so far are independent of the 
| presence of a probe. Even a small cylindrical probe at near 
| floating potential may, however, affect the meniscus (3) 
| considerably when in its neighbourhood, repelling it and 
i making it brighter locally, with accompanying frequency 
) pulling effects in the oscillation intensity and frequency 
| versus probe position curves.®> 19 When two such probes 
| are used, one on each side of (3), the probe nearer the cathode 
records more intense oscillations when the second probe is 
| near (3) than when it is moved to a distance, or is absent. 
| When a single probe is moved through (3) steadily, the 
latter jumps abruptly past the probe at a certain stage, or 
|) may flicker irregularly from one side of the probe to the 
other, the probe recording strong oscillations and marked 
energy scattering of the primary electrons only during the 
| times when it is on the anode side of (3). These observations 
show that 

| (a) there is some form of feedback, probably oscillatory, 
| from a probe to the discharge; 

(6) the variation in properties of an undisturbed discharge 
along a line perpendicular to the cathode through (3) probably 
occurs less abruptly than is indicated by purely electrical 
i, Measurements with a movable probe. Spectroscopic study 
of (3) in argon“ indicates that the main growth of scattering 
| nevertheless occurs in a space of not more than 1-2 mm. 
| A curious property of the well known small glow that 
| forms on a probe held at more than the ionization potential 
| of the gas positive to the space has been noticed. If the 
| probe is in a part of the discharge where it can pick up high- 
| frequency oscillations, e.g. between (4) and (5), the glow 
is several times larger than if the probe is in (2), under 
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oscillating discharges 


otherwise identical conditions. The large glow is in a state 
of low-frequency oscillation, like certain forms of anode 
glow. (!2) 

An association of high-frequency and low-frequency 
oscillations, which may show that plasma-electron and 
plasma-ion oscillations can react on one another, has also 
been found in a modified form of electron beam discharge, 
which appears similar to one at higher voltage investigated 
by Looney and Brown.“3) A flat cathode 7 mm in diameter 
was covered by a cylindrical shield 10 mm in diameter, with 
a hole 2 mm in diameter in the flat end opposite the emitting 
surface. With a positive shield voltage and anode voltage 
of the order of 100 V, a well-defined cylindrical beam with 
diameter about that of the hole was produced to the anode 
side of the shield. A wire probe placed in the beam detected 
no oscillations at any point. When, however, a flat probe 
6mm in diameter was moved into the beam, and rotated so 
that the beam was accurately perpendicular to its surface, 
high-frequency oscillations were detected for certain probe 
voltages. Simultaneously, a diffuse glow, about 8 mm wide, 
formed round the beam midway between cathode and probe, 
and low-frequency oscillations were found to be present. 
The latter were absent when high-frequency oscillations were 
not present. The frequency of the low-frequency oscillations 
was usually in the 10 kc/s to 1 Mc/s range, and the wave-form 
varied from nearly sinusoidal to untunable noise. Fig. 5 
(p. 318) shows the appearance of an oscillating discharge, with 
anode current 3-1 mA, and anode voltage 138 V. The cap 
was at a potential of +20 V to the cathode, and the probe at 
cathode potential. The wavelength of the high-frequency 
oscillations was 46 cm. The pressure was 10-3 mm. 

A few observations have also been made with the simple 
electrode system of Fig. 1 on discharges at 100-200 V. The 
most interesting effect noticed was the formation of a second 
meniscus a few millimetres from and convex to the’ anode. 
It was sometimes joined to the cathode meniscus (3) by a 
bright hollow cylinder with the two menisci as end caps. 
At these voltages the cathode disintegrates rapidly by ion 
bombardment, contaminating the gas; it would be necessary 
to use a Gabor-type gas cathode to avoid this. The discharges 
appear to be an intermediate stage between the low-voltage 
form, with its principal features near the cathode, and the 
higher-voltage form studied by Wehner,“4) which is more 
nearly symmetrical between the two electrodes. 


CONCLUSION 


The effects described in the previous section have been 
found to be sufficiently reproducible to serve as visual 
indicators of the presence or absence of oscillations in dis- 
charges of the types studied. In addition, they both supple- 
ment the information obtained by earlier electrical measure- 
ments in the discharges, and indicate some of the limitations 
of the latter. Some of the additional information, in particular 
the existence of transverse effects originating near the cathode 
meniscus (3), has been confirmed later by probe measure-_ 
ments, and spectroscopically.¢®. (It is perhaps worth 
pointing out that little modulation of the light emitted from 
these discharges can be brought about by the high-frequency 
oscillations, as their frequency is several orders of magnitude 
greater than the reciprocal of transition probabilities for 
dipole optical spectra.) The limitations discovered are also 
compatible with the results of a careful analysis of the probe 
data, and, if anything, lead to a somewhat simpler picture 
of the discharge when it is undisturbed by a probe. The 
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main process occurring near the cathode—other than main- 
tenance of the plasma by the primary electrons—seems most 
likely to be a slipping stream interaction between the primary 
and plasma electrons, producing oscillations which become 
catastrophic near the meniscus (3), where the disturbance of 
the discharge may be so violent that lower frequency ionic or 
relaxation oscillations can also occur. 
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The measurement of elastic wave velocity in small cylindrical 
specimens 


By N. B. Terry, Ph.D.,* and H. J. Woops, M.A., F.Inst.P., Textile Physics Laboratory, University of Leeds 
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A modification of the composite oscillator method is described in which the specimens, which 
have sizes ranging down to 5mm in length and 4mm across, are cemented to nickel wire 
By exciting the nickel rod magnetostrictively, the resonant frequency of the 
composite rod can be measured and the elastic wave velocity in the specimen calculated. The 
behaviour of the composite oscillator when the areas of cross-section of the components are not 
matched is discussed. The selection of a transducer for a particular specimen with the object 
of reducing the errors due to the cement and to inaccurate frequency measurement is considered. 
Some results of measurements on mineral and keratin specimens are given. 


transducers. 


Surprisingly few data are available for the elastic constants of 
common minerals; it was thought, therefore, that it would 
be useful if a method could be devised which would allow 
rapid measurements to be made for a variety of specimens. 
Since, as Hearmon") has pointed out, the elastic constants of 
many minerals are so dependent on the presence of impurities 
and the conditions governing growth that variations of the 
order of 10% are not uncommon, an experimental accuracy 
of the order of 1% would be sufficient for many purposes. 
The method described here, a modification of the composite 
oscillator method developed by Quimby,@ is suitable for 
specimens with a natural rod-like shape or which can be 
prepared in such a form, and can give results with the required 
accuracy for specimens as small as 5 mm in length and 0:5 mm 
across. 


THE COMPOSITE OSCILLATOR 


If two rods of different materials, but of identical cross- 
section, are cemented together end-to-end and set into 
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To be out | 


vibration under “‘free-free’’ conditions, the motion at | 
resonance is subject to the condition iy 


ay 


where M and v denote the mass and the natural resonant 
frequency of a rod and subscripts refer to the two com- 
ponents. The velocity c; of elastic waves in a component ‘is — 
given by ; 


My,1, tan (arv/v,) + Mv tan (arv/v>) 3) 


CG, = 2h; (2) { 


where /; is the length. 


Quimby cemented his specimens to a quartz transducer 
which was excited piezoelectrically. For precise measure- - 
ments the stable mechanical properties of quartz and its very * 
low internal damping make it an ideal transducer, but for the 
type of work required here nickel, excited magnetostrictively, | 
has some important advantages. For some degree of 
matching of the natural frequencies of the specimen and | 
transducer is desirable, as will be shown below, and quartz | 
transducers of the required dimensions would be expensive, | 
fragile, and difficult to cut and handle. Nickel wire, on the — 
other hand, can be obtained in a range of diameters, and is — 
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easily cut to any desired length. Because of its comparatively 
nigh density, however, nickel would have a somewhat higher 
jacoustic impedance than most crystalline materials, so that 
lis efficiency as a transducer would be low. Moreover, the 
pnergy of a magnetostrictive vibrator is low for frequencies 
preater than 60kc/s, so that the oscillator circuit would 
nave to be highly sensitive in order to maintain resonant 
vibrations and allow their detection and measurement. 


Fig. 1. Modified Pierce magnetostrictive oscillator 


circuit 


;ound to be quite suitable;@) it is a modification of Pierce’s 
mriginal circuit¢) giving greater sensitivity. The nickel 
vansducer is introduced between the coil pair A which is 
srranged to give negative inductive feedback in order that the’ 
zedback due to the magnetostriction of the nickel should be 
hositive. The compensating coil pair B gives positive 
aductive feedback which can be adjusted to balance out the 
negative inductive feedback from A. In this way, oscillations 
ran be produced which are controlled solely by the resonant 
vibrations of the nickel rod, even when these are very feeble. 
The frequency could be measured with an accuracy of about 
)-25°% by feeding the output to one beam of a double-beam 
pscillograph and comparing it with a 500 kc/s quartz con- 
jrolled oscillation on the other beam, making careful 
udjustment of the time of traverse in order to obtain stationary 
races. 

A test of the oscillator was made by measuring the fre- 
quency of vibration of seven nickel rods, cut from hard- 
irawn wire of diameter 0-91 mm, with lengths ranging from 
_-596 to 6-871 cm. Each specimen was premagnetized in a 
ieid of about 180 oersted. The observed frequencies ranged 
rom about 40 to 170 kc/s, and the values of the velocity c 
talculated from equation (2) all lay within the range from 
6-38 x 105 to 5:40 x 105cm/s. Various methods of sus- 
pending the rod in the coils were tried (e.g. by balancing it 
mn a small hole in an ebonite disk, or by hanging it freely by a 
mine silk fibre attached at the central node) but these had no 
ypparent advantage over placing the rod so that it rested 
yn the inner surfaces of the coil formers, which was therefore 


| 


done in all the subsequent work. 


MISMATCHING OF SPECIMEN AND TRANSDUCER 
CROSS-SECTIONS 


| In the derivation of equation (1) the following boundary 
tonditions are assumed: the pressure is zero at the ends of 
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the composite rod, continuous at the interface, and uniform 
over the cross-section; and the linear displacement is con- 
tinuous at the interface. When the transducer and specimen 
have different cross-sections the pressure cannot be uniform 
over the cross-section, so that the waves are no longer plane 
and equation (2) cannot hold. : 
Nevertheless, it has been found that the equation 


PC, A, tan (zrv/v,) + poc2A, tan (v/v) = 0 (3) 


obtained from equations (1) and (2) by expressing the masses 
in terms of the lengths, cross-sectional areas A and densities ps 
gives consistent results for all the cases examined, that is, 
within the range 1 < A,/A, < 3, A, referring to the transducer 
and A, to the specimen. In one experiment, a nickel rod of 
length 4-058 cm and diameter 1-632 mm was ground in a 
high speed lathe to a diameter of 1:289mm over about 
half its length, and its resonant frequency measured. The 
length of the portion of reduced diameter was then decreased 
in six steps to 1-245 cm, and the new frequency measured 
each time. From the frequency of the original rod the elastic 
wave velocity was calculated to be 4:86 x 10° cm/s; assuming 
this to hold still for the larger component, the frequency v, 
was 120 kc/s. Using equation (3), the frequency v, of the 
reduced portion could then be found. The results are set 
out in Table 1, together with the velocity cy calculated from 


Table 1. Nickel rod with reduced cross-section over part 
of its length 
Length of Frequency of Velocity of elastic 
reduced part “composite” rod wayes in reduced part 
(cm) (ke/s) (cm/s) 

2-030 59-4 4-80 x 105 
1:914 (Giles) 4-78 
1-779 64-4 4-81 
1-682 66:6 4-82 
Sse 69-2 4-81 
1-450 TES 4-80 
1-245 UES 4-82 


equation (2); the mean value of this, 4-805 x 105 cm/s, is 
about 1-1% less than the value obtained for the original rod; 
surface changes brought about by grinding might account in 
part for this small discrepancy. 

In a second experiment an aluminium rod of length 
1-980 cm and cross-sectional area 0-9592 mm?, having the 
form of a right circular cylinder, was cemented in turn to a 
number of nickel transducers having different diameters but 
approximately the same length; the natural frequencies of 
the transducers were measured separately. From the observed 
frequency of each composite oscillator a value for the fre- 
quency of the aluminium rod could be obtained from 
equation (3). These are tabulated in Table 2. It will be seen 


Table 2. Aluminium rod cemented to various transducers 


Length of Ratio of cross- Frequency of Frequency of 
transducer sections A;/A2 composite rod specimen 
(cm) (ke/s) (ke/s) 
ike Si) 20) 63 -06 126-6 
1-990 keg 62-40 125-4 
1-944 as) 63-25 126-9 
2-163 es} 61-98 ie 
2-030 ikeal 62:58 126-9 
2-224 0:99 61-06 126-7 


N. B. Terry and H. J. Woods 


that the effects of mismatching are relatively slight, but it 
should be noted that in this experiment the value of v/v is 
approximately 0-5, under which conditions the value obtained 
from equation (3) is not very sensitive to changes in the ratio 
A,/A>. Similar conclusions followed from an experiment in 
which the specimen was lithium fluoride, cut with its length 
parallel to one of the crystallographic axes and resonated with 
three different nickel transducers. The results are given in 
Table 3. The modulus of compliance s,; = 522 = 533 for 


Table 3. Lithium fluoride rod of length 2-186 cm and 
cross-section 0:6825 mm? cemented to various transducers 


Length of Ratio of cross- Frequency of Frequency of 
transducer sections A;/A2 composite rod specimen 
(cm) (ke/s) (ke/s) 
Qe 3-06 62:3 ies 
1-972 2:87 63:2 127-0 
1-944 PLAOGT 63-3 127-0 


Mean velocity c. = 5:55 x 105 cm/s 


lithium fluoride has been given by Hearmon) as 11-6 
< 10-!3 cm2/dyn; this is the mean of four independent 
results with a coefficient of variation of 13°%. The value of 
1/pyc3 when pz = 2:645 g/em3 and c, = 5-55 x 105 cm/s 
(as in Table 3) is 12-3 x 10~!3 cm?2/dyn; this is within the 
range of the results quoted by Hearmon, and gives a satis- 
factory external check of the accuracy of the present 
experiments. 


THE MAGNITUDE OF CERTAIN ERRORS 


(i) Neglect of lateral motion. In the theory leading to 
equation (1), it is assumed that the motion is such that the 
effect of lateral dilatation can be neglected, so that the 
velocity of elastic waves is given by the equation 


c = (E/p)* (4) 


where £ is Young’s modulus. The correction to be applied 
for lateral motion has been considered experimentally by 
Boyle and Sproule,“ who found it to be entirely negligible 
if the length was greater than about twice the diameter. In 
this work all the transducers and specimens were cut to 
satisfy this condition, and equation (4) was used for cal- 
culating the value of E. 


(ii) Errors due to inaccurate frequency measurements. As 
mentioned above, the frequency measurements were liable to 
errors of the order +4+°%%. Consider first the effect of an error 
dv in the measurement of v, the frequency of the composite 
rod; let dv> be the corresponding error in the calculated value 
of v7. Then, if the ratio of the percentage errors is called R,, 
we have 
vov, 20, sin 20, — 20, sin 20, 
V26V sin 26;(2@2 — sin 24>) 


Rie (5) 


where 6, =mv/vy, and 6, = m/v, (6) 
Using equation (1), it can be seen that R, depends on 0, and 
also on the value of the ratio 


be = Myy,/Mov2 (7) 


For a fixed value of pu, R, is infinite when 0, = 0, but 


decreases rapidly to 1 + 1/u at 6, = 7/2 and to 1 at 6, = a. 


This behaviour is illustrated for « = 1 in Fig. 2, curve B./ 
To reduce the error in v> in importance it is desirable to have | 
v/v> as large as possible, and at any rate greater than 0°5, | 
with v/v, consequently less than 0: of 


TT /2 


9, 


Fig. 2. R, for » = 1 (curve B) and —R,/K for a, = a3 
(curve A) as functions of 65 


For an error of measurement in v,, the ratio of the per-} 
centage error in v> to that in v, is similarly found to be 


_ 20, — sin 26, sin 20 
sin 26; 202 — sin 265 


The desirable limitations on the value of v/v are the same as 
before; they can be ensured by using a short transducer and 
a long specimen. Such requirements, however, are directly. 
contrary to the considerations that the method is primarily) 
designed for small specimens, and a long transducer is easier 
to handle. As a compromise, therefore, it would appear) 
that the optimum conditions would be to have v/v approxi-} 
mately equal to 0:5; the node of the composite vibrator 
would then be near the interface, and this would have the} 
advantage mentioned above that mismatching in cross-section: 
would be of little importance. 


Ry =1-— Ri. 2 


(iii) Error due to the cement. The transducer with a 
specimen of the same cross-section cemented to it may be} 
regarded as a tripartite oscillator for which the equation 


Xa; tan 6; = (a,ay/a3) tan @, tan 6, tan 0, (9) 
replaces equation (1). Here we have used the notation 
(10) 


with 7 taking the values 1, 2, and 3 for transducer, specimen,j 
and cement, respectively, and with the 6’s defined as in equa- 
tion (6). Equation (9) is equivalent to 


&ty2+=7 


where a; tan ¢, = a, tan, and a, tan ¢) = ay tan A, 


By Pies > 


(11) 
(12) 


In fact, we use equation (1) instead of equation (9) to cal 
culate a value 29 of vz, so that equation (1) may be re-written 
Arq tan O59 + a, tan 8, = 0 


tan p29 + tan d, = 0 } 


where 49, 49, and $29 are the values of ay, 03, and dy 
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(13) 


or 


icorresponding to vz. From equation (13) do and ¢, are 
4supplementary, so that 


$20 — $2 = 8; (14) 


|We shall suppose that @; is a small quantity, as it will be if 
ithe cement layer is thin enough. Hence we obtain from 
equation (12) 


H23($20 — $2) sec*hy = ay(8o9 — 83) sec? 8) + (ayy — a>)tan 65 
(1S) 


jjand thus, since the fractional changes in 15, 65, and a, are 
#/ numerically equal, 


V29 — Vv I a 20 
R, = 20? = — P33 (o9524 72 sin 0) <5 — 2 
; V9 bpals 2+ a 2) 26, = sin 0, 
ee 20 
= — K(cos?@ % si 02) xg —— 2 
ee 2) 595 — sin 20, (16) 


‘where K = (mass of cement/mass of specimen). 

__ The value of R,/K is infinite at 6. = 0, but for values of 
‘9, between 7/2 and 7 it is numerically less than the greater 
of 1 and a3/a} (compare Fig. 2, curve A). Within this range, 
‘therefore, R; can be kept to a reasonable size by reducing the 
-value of K. With the cements used in the present work 
ishellac and polyethylene pthalate) the thickness required to 
RZive good acoustical contact was small enough to ensure 
;that no serious error was involved in neglecting the effect 
pof the cement, for specimens longer than about 5 mm, 
srovided that the conditions were such that v/v, was 
Eapproximately 0-5. 


EXPERIMENTAL RESULTS 


ivelocity depended upon the shape of the cross-section, but 
lit was essential to cut the specimens so that the lateral 
dimensions were constant along the length. Specimen lengths 
jranged from 0:5 to 4cm, and the lateral dimensions were 
lof the order of 1 mm. The mineral specimens were cut with 
ithe length along one of the crystallographic axes, identified 
: by X-ray analysis. The asbestos and keratin specimens were 
icut along the fibre axis.. 

| Five specimens of each material were used; the mean 
values and coefficients of variation are given in Table 4. 
|The variability of the keratin (cow’s horn) is not excessive 
for a biological material of this kind, bearing in mind the 
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possible variations in the degree of crystallinity and in the 
perfection of molecular orientation; the humidity and tem- 
perature were uncontrolled also. Static measurements of 
Young’s modulus of cow’s horn at room humidity give 
values near 4 x 10!°dyn/cm?. The higher value obtained 
in these experiments agrees with the results of other experi- 
ments in which the dynamic Young’s modulus is measured. 
It is due to the decreased importance of relaxation processes. 
for rapid deformations. The results for barite provide 
another independent check on the accuracy of the method, 
since they are in close agreement with those of Bergmann“) 
and Voigt®): 


Voigt Sj, = 1-644 x 107!2 cm?/dyn; 
S97 = 1-892 x 10~!2 cm2/dyn 


Bergmann s,,; = 1:72 x 10~!2 cm?/dyn; 
Sag = 1:99 x 10-12 cm2/dyn 
Composite 
oscillator s,; = 1-69 x 10—!2 cm2/dyn; 
Syy = 1-975 x 107!2 em2/dyn 


CONCLUSION 


The method described has been shown to be capable of 
measuring the elastic wave velocity in small rod-like speci- 
mens; it is reasonably rapid, and is accurate enough for most 
purposes. With more precise methods of measuring fre- 
quency, a high order of accuracy could be achieved. 
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Table 4. Wave velocity and elastic moduli for some minerals and keratin 
Specimen and direction 
of measurement Elastic wave velocity Modulus of compliance Young’s modulus Coefficient of variation 
(cm/s) (cm2/dyn) (dyn/cm?) (%) 

Barite, a-axis 3-685 x 105 1-69 x 10-12 — 1°3 

Barite, b-axis 3-36 1-975 — 0:8 

Gypsum, c-axis 5:91 1235 ae 1-1 

Wollastonite, b-axis (6°46 0-848 pa 3-0 

Kyanite, c-axis 8-62 Or375 — 0:35 

Crocidolite, fibre axis 7-36 — 1:75 x 1012 1:2 

Tremolite, fibre axis 7:39 — 1-66 0-21 

Chrysotile, fibre axis 8-38 — ew og 

Keratin, fibre axis 2°145 — 0-060 4-1 
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Thermal constants of pyrophyllite and their change on heating 
By A. E. Carte, M.Sc., National Physical Laboratory, South African Council for Scientific and Industrial Research 


[Paper received 10 March, 1955] 


Results are given for the thermal conductivity, } yt 
phyllite before and after heating to temperatures up to 1200° C. Before heating, the conductivity 
in directions parallel to the bedding planes is about 0-01 cal cm/cm? s °C (0:04 joule cm/cm? s °C) 
and at right angles to these planes it is half this value. 
of bedding and to preferred orientation of the crystals. | 
maximum and minimum conduction is outlined. As the heating temperature 1s ; 
the two conductivities. converge, until after heating to 1200°C the physical _and chemical 
changes are such as to make the material thermally isotropic with a conductivity of about 
0-003 cal cm/cm?2 s °C (0-01 joule cm/cm?s °C). 
phyllite are mentioned. 


There are extensive deposits of a rock of sedimentary origin 
commonly known as Wonderstone to be found in the Lichten- 
burg district of the Transvaal. X-ray analyses have shown 
that this rock is comprised mainly of the mineral pyrophyllite, 
a hydrous aluminium silicate. Spectrochemical methods 
revealed traces of rutile (1°5%) and iron oxide (1%). 
Wonderstone has also been known as G-stone and Koranna 
stone and is sometimes sold under the erroneous name of 
soapstone, which it closely resembles in some properties. 
Pyrophyllite found in other parts of the world is referred to 
by a variety of names such as pencil stone, agalmatolite and 
pyrauxite. In this paper the term pyrophyllite will hence- 
forth be used when referring to this rock since it is felt that 
the thermal properties are characteristic of pyrophyllite, and 
little influenced by the small amounts of other minerals 
present. 

The physical properties of this rock are such as to make 
it an exceedingly useful material. It is fine-grained, usually 
bluish in colour, is easily worked on a lathe and takes a good 
polish. The natural rock is resistant to weathering and acids 
and on being baked it becomes an extremely hard substance, 
white to pink in appearance, resembling a ceramic. Apart 
from its use for ornaments and statues it is useful for making 
small crucibles and intricate electrical insulators, spacers and 
formers. In the South African National Physical Laboratory 
pyrophyllite has been used for components for the ion source 
of a mass spectrometer, heater formers, specially shaped 
porous plates and crucibles for establishing the melting point 
of gold. Further information on the properties has been 
given by Nel and others.” 

The thermal conductivity of the naturally occurring rock 
was determined in the course of the compilation of data on 
thermal conductivity of rocks. It is of special interest because 
it is a practically pure monomineralic aggregate and shows 
extreme preferred orientation of the crystals. When it was 
realized how wide a variety of applications pyrophyllite has, 
many of which require a knowledge of its thermal constants, 
the investigation was extended to include thermal diffusivity 
and specific heat measurements and to the effect on these 
constants of heating to various temperatures. 


EXPERIMENTAL METHODS 


Test for anisotropy. Sedimentary rocks usually have 
anisotropic thermal properties as the result of schistosity, 
bedding or preferred orientation of the component crystals. 
The method that was used to test for anisotropy is a modi- 
fication of the de Senarmont method as used by Powell. 
Three thin plates of rock were cut from mutually perpen- 
dicular planes of the block being tested and coated on one 
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thermal diffusivity and specific heat of pyro- 


The difference is attributed to the effects 
A method of finding the directions of 
increased 


Some other properties and uses of pyro- 


face with a thin layer of wax by covering with a solution of | 
beeswax in acetone. A point source of heat (the tip of a | 
pencil-shaped copper rod which was heated at the thick end) 6 
was then applied to the centre of the waxed surface. Regions [ 
where the wax melted showed up dark whereas the rest of § 
the surface was white. On isotropic planes the area of melted 
wax is circular; on anisotropic planes elliptical. From tests 7} 
on the three plates and the orientation of the axes of the 3 
conductivity ellipses it is a straightforward matter to find } 
the principal axes of conduction. 

Pyrophyllite proved to have a maximum conductivity in } 
directions parallel to the bedding planes and half this value } 
perpendicular to these planes. The rock has an extremely } 
fine-grained texture and the bedding planes cannot be detected | 
by the naked eye unless there happen to be streaks of an | 
impurity, such as haematite, present or unless the rock has 4 
been fired in which case coloured streaks parallel to the } 
bedding planes usually appear. A plate cut from any direction 
perpendicular to the bedding planes and tested for anisotropy ‘ 
gave the ellipse of maximum eccentricity. The square of the 
ratio of the major axis to the minor axis of this ellipse was * 
found to give the ratio of the principal conductivities to | 
within about 10%. a 

Thermal conductivity. Measurements of thermal con- f 
ductivity at a mean temperature of 40°C were made on 
samples in the form of 13 in. diameter disks in a divided-bar § 
type of apparatus.3) Samples which had been subjected to }} 
heat treatment usually distorted slightly even though heated 7 
slowly and were always resurfaced before testing. Tests at i 
high temperatures were made on a 4.x 4in. slab lin. in’7 
thickness, the heat flow being measured by a similar slab of * 
steel of known conductivity made up in the form of a guard 4 
ring surrounding the 14 in. square central section and placed 
on top of the specimen. 

Specific heat. Specific heat measurements were made by 
means of an adiabatic calorimeter,@) the temperature range 
of the tests being from 96 to about 30°C. The specific heat 4 
of water-soaked specimens was found by calculation, knowing | 
the amount of water absorbed. 

Thermal diffusivity. The thermal diffusivity of disk _| 
specimens as used in the conductivity apparatus was deter-_ 
mined from measurements of the change in temperature with | 
time of one surface when the other surface was suddenly © 
brought into contact with melting ice. The time taken for 4 
one complete observation was about 1 min so that water | 
penetration was negligible. This method also enabled 
measurements to be made on samples with a known amount | 
of moisture in them. The mean temperature of an observation 
was close to 10°C. The conductivity as found from the | 
product of the diffusivity, specific heat and density agreed 
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ith results obtained in the divided-bar apparatus to about 
115% and if allowance was made for the different mean 


temperatures of the various measurements then agreement 
as substantially improved. 


RESULTS 


Measurements were made on specimens cut from five 
blocks from different sources; the only restriction on the 
selection of samples was that there should be no obvious 
heterogeneities such as red bands of haematite. The com- 
position of the rock has been found to show little variation 


Heat flow parallel to 
bedding pianes 


% increase 


Block B 


Heat flow perpendicular to 
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measurements were made. The procedure was to heat 
slowly (about 3° C/min) to the final temperature which was 
maintained constant for 3h, and then to cool slowly down 
to room temperature. Longer periods of heating did not 
bring about any significant changes in thermal properties. 
For example, the samples that had been baked at 600 and 
900° C were both heated for a further period at these 
respective temperatures without causing further changes. 
The effect of very much prolonged heating was not investi- 
gated. The diffusivity changes are shown in Fig. 1, while 
densities and specific heats are given in Fig. 2. The con- 
ductivity results in Fig. 3 were calculated from the diffusivity, 


Thermal constants of dry and water-saturated specimens 


Block E 


Heat flow parallel to Heat flow perpendicular 


of water- 
saturated 
Dry specimens 
ulk density: (g/cm?) 2:74 0:7 

olume porosity: (°%) 2 

Whermal diffusivity at 10° C: (cm2/s) 0-025, 3 

Poecific heat (96 to 30° C): 

(cal/g °C) 0-22 4 

! (joules/g °C) 0:92 

:-alculated thermal conductivity: 

| (cal cm/cm? s °C) 0-015, 

' (joules cm/cm? s °C) 0-063, 

‘alculated thermal conductivity 

i corrected to 40° C: 

(cal cm/cm? s °C) 0-0135 i! 

| (joules cm/cm? s °C) 0-054, 

“Measured thermal conductivity at 40° C 

' (cal cm/em? s °C) 0-013, 

» (joules cm/cm? s °C) 0-056, 


bedding planes bedding planes to bedding planes 
% increase %, increase %, increase 
of water- of water- of water 
saturated saturated saturated 
Dry specimens Dry specimens Dry specimens 
Del 0-7 2:65 2 IER 2 
p 525) 525) 
0:014, 7 0-021. 25 0-011, D7, 
0:22 4 0-22 8 0-22 8 
0-92 0:92 0-92 
0-008, 0-012, 0-006, 
0-037, 0-053, 0-028, 
0-007, 11 0-011) 36 0-005, 35 
0-031, 0-046, 0-024, 
0-007, 0-010, 0-005, 
00-0319 0-043, 0-022, 


i with its location in the quarry.“) The results in the table 
are for the two blocks which differed most in bulk density. 
Bpectrochemical analyses confirmed that the chemical 
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Thermal diffusivity at 10°C 


800 


400 


Heat treatment temp. CC ) 
Fig. 1. Thermal diffusivity at 10°C after heating to 
successively higher temperatures; heat flow parallel 
(curve A) and perpendicular (curve B) to the bedding 
planes 
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komposition was the same: density differences are thus to be 
attributed to porosity. ; 

Specimens from Block E were then heated to successively 
nigher temperatures after which diffusivity and specific heat 
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specific heat and density measurements, the results being 
corrected to a mean temperature of 40°C. Several of these 
points were confirmed by direct conductivity measurements. 
The utmost caution had to be exercised to obtain reliable 
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Fig. 2. Specific heat (96 to 30° C) (curve S) and density 
at 20°C (curve D) after heating to successively higher 
temperatures 
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results as the pyrophyllite becomes exceedingly porous after 
baking at high temperatures and it then tends to absorb the 
medium used to improve contact resistance between the 
specimen and the bars. 

Negligibly small permanent changes in conductivity occur 
on exposure of pyrophyllite to temperatures up to 400° C. 
Thus the curves conductivity and resistivity in Fig. 4 show 
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the reversible changes that occur on heating to 400°C. 
Interpolation between the points is most readily effected using 
the resistivity points since the relationship between resistivity 
and mean temperature is virtually linear. 
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Fig. 3. Thermal conductivity at 40° C after heating to 
successively higher temperatures; heat flow parallel 
(curve A) and perpendicular (curve B) to the bedding 
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Fig. 4. Thermal conductivity (curve K) and thermal 

resistivity (curve R) at various mean temperatures; heat 

flow parallel to the bedding planes; unheat-treated 
material 


DISCUSSION 


Samples cut from the same block in the same direction 
relative to the bedding planes usually showed little variation 
in thermal conductivity, but differences of up to 20% were 
found for blocks having different bulk densities. These 
differences in conductivity are to be attributed to porosity 
and not to differences in chemical composition. From X-ray 
examinations of a powder sample and the comparative ease 
with which the powder could be compressed to bring about 
preferred orientation almost as pronounced as in the original 
rock, it was concluded that the crystals are plate- rather than 
rod-shaped. In the naturally occurring rock the crystals are 
mainly oriented with the plane of the plates parallel to the 


bedding planes. Since it is a general rule that the conductivity. 
of plate-shaped crystals is a maximum in the plane of the 


plate, this coupled with the effects of bedding gives rise to 
the two-fold difference in the two principal conductivities. 
An interesting observation is that water, as well as heat, 
penetrates more readily in any direction parallel to the 
bedding planes or planes of preferred orientation than at 
right angles to them. 
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The physical and chemical changes that occur on heating 
the pyrophyllite bring about a continuous decrease in both | 
the principal conductivities such that after being baked at | 
1200° C the material becomes very nearly thermally isotropic. | 
A differential thermal analysis of pyrophyllite showed an 
endothermal reaction with a single peak at 870°C. X-ray 
analysis showed that heating to temperatures between 600 
and 1000°C produced an unidentified substance closely 
related to pyrophyllite. This is probably pyrophyllite with 
decreasing amounts of water of crystallization. After 1200° C 
no pyrophyllite is present but sillimanite and either corundum 
or mullite, or both, were detected. X-rays also revealed that 
no silica in crystalline form was present. The nature of the 
unit cells of sillimanite and corundum (it is considered un- 
likely that there would be mullite formed at 1200° C) are fi 
such that preferred orientation is not to be expected. The # 
bulk density changes are the result of a continously increasing } 
loss in weight, amounting to 6% at 1200° C, as the temperature 
is stepped up and a steady increase in volume up to 
1000° C after which there is a slight contraction. Thus 
after heating to 1200° C the loss of preferred orientation, 
the chemical changes and the greatly increased porosity make } 
the material isotropic with the exceedingly low conductivity § 


of 0-003 cal. cm/em?s °C. Another instance of irreversible i 
changes in thermal conductivity after heat treatment of an 4 


anisotropic material is that found by Powell and Griffiths for 
phlogopite micas: this they attribute to tilting of the # 
elementary crystals composing the mica laminae.©) 7 


The chances of a sample developing cracks, usually parallel § 


to the bedding planes, during the firing process are greater 5 


the larger the sample and the higher the rate of heating and % 
Above about 1000° C only } 


the final temperature are made. 
thin samples can be baked with success and in the region of § 
1400° C exfoliation occurs. If it is desired to produce an 


article of the baked material of accurate dimensions the best | 


procedure is to heat slowly to 800° C, cool, machine to the 


required dimensions and then heat to the final temperature. § 


Fig. 3 shows that the density changes, and also the dimen- | 
sional changes, that occur between 800 and 1200°C are \ 
small. This procedure has recently been confirmed.“ The ] 
fine powder formed when pyrophyllite is worked would no } 
doubt make an excellent high temperature insulating medium. 
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Discontinuities in the saturation curves of vacuum photocells 


By J. S. PRESTON, M.A., M.LE.E., F.LE.S., F.Inst.P., and G. W. GorpDon-SmiTH, A.M.I.E.E., National 


Physical Laboratory, Teddington, Middlesex 


[Paper received 21 March, 1955] 


Discontinuities have been observed in the saturation curves of most of a number of vacuum 
photoemissive cells of the special photometric types. In these cases, in certain circumstances, 
the cells can operate in either of two stable states for which the observed photo-currents, for 
the same light intensity, can differ by a significant amount. A reason is Suggested, in terms of 
variations in potential of the inner bulb surface arising from secondary emission processes at 
the bulb and leakage of this surface to the anode. This is confirmed by a series of experiments. 
The main conclusion is that the best conditions, for saturation and freedom from irregular 
behaviour, are ensured if the bulb surface has high conductivity, and is in good connexion with 
the anode but well insulated from the cathode. Paradoxically, good saturation cannot be 
expected over the normal range of voltage if the bulb surface is highly insulating, partly because 
the bulb then remains at cathode potential and considerably depresses the field strength at the 
cathode, and partly because—at that potential—it can reflect an appreciable fraction of the 
photoelectrons back into the cathode. 


1. INTRODUCTION 


i ampbell and his contemporaries“) evolved a design of 
ivacuum photoemissive cell which has long been favoured by 
Misritish makers and users of special precision cells. The 
cathode is a central metal plate. The anode is a gauze 
tylinder or “‘Faraday cage” surrounding it and fitting inside 
= coaxial cylindrical bulb. The cage-construction is meant 
«0 ensure efficient collection of the photoelectrons, and 
screening of the cathode from any electrostatic charge on the 
soner bulb-surface. The saturation curve typical of a good 
ell of this design rises steeply near zero applied voltage, has 
pronounced “‘knee”’ near 18 V, and thence is very flat rising 
only 2 or 3% from 20 to 100 V. For a voltage a little above 
the “knee,” therefore, it is widely and reasonably assumed 
shat the ratio of actual cell-current to the full possible photo- 
emission is constant and very nearly unity, under all ordinary 
conditions. Apparently there is no room for error or doubt 
in accepting the actual output as a linear and certain measure 
of light intensity. 

However, small but significant irregularities in the saturation 
burves of the majority of such cells have now been observed, 
and form the subject of this paper. The conclusions reached 
Ihave a general significance for all types of vacuum cell. They 
throw doubt on the earlier appraisal of Campbell’s design. 


ee 


2. OBSERVED SATURATION CURVES 


Fig. | shows part of the saturation curve of a typical cell 
Han Osram type KMV6), taken by slowly varying the applied 
voltage from 0 to 100 V and back again, the light intensity 
being held strictly constant throughout. Arrows show the 
bense of the cycle. There are two discontinuities, or jumps, 
in output, upward at 60 V and downward at 20 V, forming 
“loop” between these voltages. In this range, either an 
‘upper’ or a “lower” stable state of the cell is possible, 
Hepending on past history. The two outputs differ by the 
loop height, about 13%. In ordinary use there would thus 
be doubt about which reading would be given. The whole 
»raph consists of sections of two different smooth curves, a 
lower limb from 0 to 60 V and an upper one from 20 to 
100 V. If the upper one is the true saturation curve, what is 
the lower one? 

| Many precision cells of different makes and cathode types 
were examined. Most exhibited such loops. In the few that 
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did not, the saturation curves did not flatten out well, and 
the “‘knee’”’ was not very obvious. Much fascinating detail, 
especially effects of varying the light intensity, is omitted, 
and the main observations were (a) that loop heights ranged 
from a mere kink to some 10% of output, Fig. 1 representing 
a fair sample, (6) that the lower jump was almost always 
near an applied voltage of about 20 V, and (c) that the 
upper jump could be anywhere upwards of 20 V. 
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Fig. 1. Upper part of the saturation curve (current- 


voltage curve at constant illumination) of a type KMV6 
cell, taken over a complete voltage cycle 


The loops recalled the work of Penning and Moubis,() 
who described a rather similar effect due to secondary emission 
from the bulb, which had some surface conductivity and was 
leaky to cathode. They noted sharp and considerable changes 
in potential of the inner surface of the bulb during a saturation 
cycle, but the accompanying discontinuities in cell output 
were of a different kind from the present ones, and their origin 
a little more obvious. 

In the present case, considerable changes in bulb potential 
were again quickly confirmed, using a small flat probe 
connected by screened cable to a quadrant electrometer. An 
explanation seemed possible, similar to that of Penning and 
Moubis, but on the changed assumption that the bulb was 
leaky to anode. 

Two quite separate questions arise, (a) how and why does 
the bulb potential change, and (6) how do these changes 
affect cell output? We consider them in that order, putting 
hypothesis before experimental proof in each case, as the 
easier treatment. 
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3. ORIGIN OF CHANGES IN BULB POTENTIAL 

We explain bulb-potential changes as follows using Fig. 3, 
in anticipation, to help visualize what happens. Assume the 
inner bulb surface to have slight conductivity, to be leaky‘ to 
the anode (via the lead-in wire, say), and to be a secondary 
emitter. Neglect the small, though finite, emission energy of 
the photoelectrons, and let all potentials be referred to 
cathode as zero. 

At low anode voltage, the bulb receives some negative 
photoelectrons shot through the holes in the anode gauze, 
and also some positive leakage from anode. The two balance 
with the bulb at a steady potential near cathode. The afore- 
said photoelectrons, ending their paths at this potential, are 
too feeble for any secondary emission to upset the balance. 
This balance persists up to a considerable anode voltage 
(56 V in Fig. 3), but the increased leakage from anode raises 
the bulb potential a few volts. There will then also be some 
perceptible secondary emission from the bulb, also tending 
to drive it positive, the secondaries going to anode. We may 
at this stage safely assume the secondary-gain factor to be 
still well below unity. However, suppose that at this stage 
the increment in actual secondary emission, caused by any 
increment in bulb potential, just outweighs change in the 
other factors, so that it reinforces the increment in bulb 
potential. Onset of such a cumulative process will cause a 
sudden upward jump in bulb potential (B, Fig. 3). 

A new equilibrium is now established. Neglecting the now 
smaller leakage from anode, the ruling condition is that the 
secondaries being drawn by anode from bulb must equal in 
number the primary photoelectrons being shot at the bulb. 
So, the bulb takes a potential quite near that of the anode, 
so that though the secondary gain is now considerable, the 
surplus secondaries are simply not drawn off. The equilibrium 
is stable because, for a small change in bulb potential, the 
large change in draw-off rate of secondaries by anode acts 
as a strong corrective. For further rise in applied anode 
voltage, this state persists. As the applied voltage is lowered, 
however, there eventually comes a point where the photo- 
electrons arriving at the bulb are too feeble to provide enough 
secondaries. The cell then reverts suddenly to its original 
state, with a sudden drop in bulb potential (4, Fig. 3). 

It seems clear that this drop is “triggered” when the 
secondary gain at the bulb has fallen to a value quite near 
unity. Roughly, then, all the potentials just before the drop 
occurs are governed by the electron energy required for unit 
gain, which is a characteristic of the glass surface. This 
may well be similar from cell to cell, so accounting for the 
observation that the downward jumps in all saturation curves 
occurred at about the same applied voltage of 20 V (see 
Section 2). The upward jump, on the other hand, being 
governed by such a widely variable factor as bulb-surface 
resistivity, could clearly occur at any voltage over a wide 
range, in different cells. 

Two practical cases can now be recognized when no loop 
would be observed. 

(i) If the bulb wall is highly insulating, or is not leaky to 
anode, its potential will always be held very near cathode, by 
receipt of photoelectrons. The cell will then never jump to 
the upper state, but operate always in the lower. 

(ii) When there is considerable bulb-anode leakage, the 
upward jump can, mathematically speaking, occur at a lower 
applied voltage than the downward one, i.e. no jumps at all 
will occur, and the cell will operate always in the higher state. 

The cells mentioned in Section 2 as showing no loops, but 
having poor saturation curves, were probably examples of 
case (i). Paradoxically, then, it seems that good saturation 
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is not to be expected in a “‘clean”’ cell. In case (ii), the bulb f 
is always nearly at anode potential and can, as we have seen, } 
freely pass on to the anode all the photoelectrons it receives, 
mostly by the secondary emission process and, to a small { 
extent, by direct leakage. So the electric-field conditions are | 
excellent, and so also is the efficiency of collection of the } 
photoelectrons. We can, as a corollary, identify the upper, 
or “high state,” limb of a looped saturation curve as the | 
“truer”? saturation curve. » 


4. EXPERIMENTS ON BULB POTENTIAL 


We now seek experimental confirmation of the cycle of |) 
bulb potential arising from the hypothetical process of | 
Section 3. With a regular cell, the anode often touches the |} 
bulb at several points. The behaviour of the cell is then 
liable to be more complicated than that of the simple model. jf 
A special Cintel type VS39 cell was therefore obtained, 
with standard electrodes but extra large bulb. This was set? 
up as shown in Fig. 2. External guard-rings and other #i 


screened cable 


electrometer 


to variable d.c. 
voltage supply 


Fig. 2. Circuit for measuring potential changes of inner 
surface of bulb of a special type VS39 cell 


precautions ensured that no variation of static charge 
occurred on the outside of the bulb near the probe. Cali- 
bration of probe and electrometer was done with a dummy} 
“bulb” of metal. On taking this cell through a cycle of} 
applied voltage, the results of Fig. 3 were obtained. They 
demonstrate all the features expected. The corresponding 
saturation curve is not given here, but it showed jumps in 
cell output simultaneous with the jumps A and B in bulb 
potential. They were of about 10%. We shall later suggest 
an accidental practical reason why, in the regular cells with 
smaller bulbs, the jumps are usually appreciably smaller 
than this. 

This special cell served for another informative experiment. 
By using a second probe (dotted in Fig. 2), and connecting 
both to a detector having time-discrimination, it was found) 
that the jump B in bulb potential occurred first near the 
anode lead-in, and only reached the original probe near the 
middle of the bulb about half a second later. As one would 
expect, the jump originated where the bulb potential was, fo 
obvious reasons, higher than elsewhere just before the jump, 

For the third experiment, another special Cintel type VS 39 
cell was obtained, with standard cathode and anode, but with: 
these enclosed in a slightly larger coaxial metal cylinder on 
“can” having only a tiny hole for admission of a focused 
pencil of light. The can formed an artificial “bulb,” and 
had a separate lead-in. (There was, of course, an outer bulb 
of glass as well.) With this, the non-uniform potential! 


difference can-to-anode, and therefore also can-to-cathode, 


l 
i 
| 


] 


80 


50 


Bulb potential (V) 


Anode potential (V) 
Fig. 3. Variation of bulb surface potential with anode 


potential, both referred to cathode, for a special type 
VS39 cell taken over a complete voltage cycle, at constant 
illumination 


can was relied on for secondary emission. The set-up for 


' ioop-tests is shown in Fig. 4. Ordinary cell output was 


measured by meter M, in the cathode lead, while the reading 
of M, together with the known value of R enabied potential 


to variable d.c. 
voltage supply 


Fig. 4. Arrangement for simulating bulb potential 

characteristics of an ordinary photocell, using a special 

type VS39 cell, with extra electrode or “‘can” acting as an 
artificial bulb 


to be found at the same time. Fig. 5 shows a typical looped 
saturation curve for this cell, as well as the can potential 


| values taken at the same time, over a typical cycle. The value 


of R for this was 580 MQ. Note, (a) the excellent form of 


| the upper limb of the saturation curve, and the very poor 
| shape of the lower one up to as much as 50 V, (4) the coinci- 


dence of jumps in cell current with those in can potential, 


| and (c) that for the upward jump in current, the can goes 


from +3 to +62 V, while for the downward one the can 


/ goes from +21 to 0V. With R considerably higher, no 
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distribution over the “bulb,” emphasized by the second 
_ experiment, was avoided, while the leak from anode to “bulb” 
_was controllable according to what resistance was connected 
externally from anode to can. Caesium-contamination of the 


looping occurred, the can potential always remained near 
cathode, and the cell always in the lower state up to an applied 
voltage of 100 V, with a very unconvincing saturation curve. 
With R in a lower range, the cell always operated in the upper 
state, with can potential near anode. The characteristics of 
this special cell, operating as a photo-triode, were plotted in 
full. For brevity, we do not quote this large family of curves. 
They demonstrated clearly the existence of stable and unstable 
regions of operation, in full agreement with the hypothesis 
and the results here given. By suitable choice of resistance R, 
and light intensity, almost all of the observations on regular 
cells could be closely simulated. 
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Fig. 5. Curves of cathode current, and potential taken 


up by the can, when the circuit of Fig. 4 is taken over a 
complete voltage cycle, with constant illumination 


We close this section with a significant inference. It is that, 
generally, one simply cannot predict how even the best 
modern vacuum cell will behave, within the whole wide range 
noted in this last experiment and in those of Penning and 
Moubis. For who knows how much the bulb leaks to anode, 
or to cathode, or how good a secondary emitter it is? (Even 
for clean glass, the secondary-gain factor is unity for an 
energy as low as about 20 eV.) All that is usually observable 
and guaranteed is that leakage from anode to cathode is 
negligible. One can only look for probabilities. For instance, 
the generally good behaviour and saturation of the Osram 
type KMV6 cell is probably because the anode is a push-fit 
in the bulb giving high leakage from anode to bulb, while 
the latter is isolated from the cathode by a guard ring. It 
has been observed that in clean-looking cells of this type, 
in which the anode happened not to be a good fit in the bulb, 
bulb potential changes as well as saturation loops were larger 
than usual. Changes in characteristics with time, such as 
complete disappearance of a loop in a few weeks, have been 
noted. These are probably due to changes in surface resis- 
tivity of the bulb, owing to migration of minute amounts of 
alkali metal by vaporization. 


5. INFLUENCE OF BULB POTENTIAL ON 
CURRENT. OUTPUT 


We now consider the influence of bulb potential on cell 
current. There are two mechanisms to consider. First, the 
emission from the cathode is determined by the electric field 
at its surface, and this is the resultant field due to bulb as 
well as anode. The bulb, being more distant and partially 
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screened by the anode, will be the less influential; but its 
effect cannot be ignored if its potential differs much from 
that of the anode, or is subject to large changes. Second, the 
bulb may reflect photoelectrons, and we postulate that such 
as are reflected mostly end their trajectories at the cathode 
and re-enter it. (Re-entry is possible because of the finite 
energy of emission.) The reflexion factor of the bulb is 
likely to be very small for all positive bulb potentials above 
a few volts, but will change from this to nearly unity as the 
bulb goes through zero to a small negative potential. This 
would mean a rather sharp increase in the return of photo- 
electrons to cathode, and a corresponding decrease in net 
emission or cell current. In this narrow potential-range, 
therefore, bulb potential should have a particularly marked 
influence on cell current. 

This explanation is clinched by Fig. 6, which is a typical 
cell-current (cathode-current) characteristic of the “‘canned” 


W 


Cathode current (A 110’) 
nN 


-1O O 10 20 30 40 5O 
Voltage applied to can (V) 


Fig. 6. Curve of cathode current of the special type 

VS39 cell of Fig. 4, with anode held at 55 V, and variation 

of the voltage applied to the ‘“‘can” or artificial bulb. 
Illumination constant 


cell, treated as an ordinary photo-triode, the anode voltage 
being fixed at 55 V, and the can or “bulb” voltage being 
varied from —4 to +50 V. The S-bend at the lower end 
shows the steep and appreciable change in the net photo- 
emission, due chiefly to the steep change in reflexion factor 
of the “‘bulb” near zero volts, while the upper range shows 
the much smaller but definite effect of increase in field- 
strength due to increase in “‘bulb”’ potential. We see that 
generally any jump in “bulb” potential which includes all or 
most of the S-bend will produce a greater change in cell 
current than one that does not. This is why, in Fig. 5, the 
drop c is greater than the jump d, the former being determined 
by a drop in “bulb” potential right down to zero, while the 
latter is due to a jump in the “bulb” from +3 to +62 V 
which, though larger, does not include the large effect of the 
S-bend. We also see the effect of the reflexion mechanism in 
the shape of the range k—d of the output curve of Fig. 5. The 
general rise in the curve over this range is of course due to 
the increasing field strength, but the curve is slightly S-shaped 
and steepest in the middle of this range because the ‘‘bulb’’ is 
meanwhile changing steadily from about —3 to +3 V, and 
reflexion changes are added to effects of changing field 
strength. 


6. SUMMARY AND CONCLUSIONS 


Our conclusions may now be summarized. In a vacuum 
photoemissive cell it is generally unsafe to assume that the 
emission and the shape of the saturation curve are governed 
only by the field due to the anode. According to circum- 


332 BRITISH JOURNAL OF APPLIED PHYSICS 


stances, the bulb may be a serious influential factor in that § 
its potential may differ largely from that of the anode, and ¥ 
may undergo large discontinuous changes due to secondary jj 
emission. Three fairly distinct unsatisfactory cases may now | 
be recognized. The first is that of Penning and Moubis | 
where, with the bulb leaking to cathode, secondary emission 
from the bulb can give rise to appreciable spurious output ff 
additional to the photoemission. The second is where the ff 
bulb is highly insulated and so will almost certainly be kept if 
near cathode potential by receipt of photoelectrons as | 
necessary. Here, reflexion of electrons back to the cathode | 
by the bulb may prohibit more than, say, 90% saturation & 
over the normal range of anode voltage, while the adverse /f 
bulb-field effect will still further delay attainment of saturation f[ 
with rising anode voltage. The third case is the one discussed § 
at greater length in this paper. We assume that the case of 4 
bulb leaking to both anode and cathode is ruled out by the | 
overall insulation requirements regularly attended to by the ff 
manufacturer. Any actual cell may, of course, present a sort 
of combination of the second with the first or third of these. 
cases, depending on its particular geometrical form and the ff 
inevitable variations in conductivity of the bulb over its inner 
surface. 

The only satisfactory case seems to be the one in which 9 
the bulb surface is isolated from the cathode, is in connexion | 
with the anode, and has high enough conductivity everywhere | 
to ensure that the cell operates always in the upper state. } 
The ideal would be to have a transparent electrically- 7 
conductive coating over the inside of the bulb, itself serving | 
as anode, and to omit the gauze anode altogether. Since the 3 
coating would then have to carry the whole cell current, 4 
however, its resistance would have to be low enough to avoid } 
any trouble due simply to ohmic potential gradients. The { 
special “‘canned”’ photocell, used with the can and anode [ 
connected directly together, is a replica of this ideal. Fig..7 
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Fig. 7. Upper part of the saturation curve of the special 

type VS39 cell of Fig. 4, with the can and anode connected 

together and used as anode. For fair comparison, the 

scale of the diagram is the same as in Fig. 1. The satura- 

tion curve is more satisfactory, though the photocurrent 
is 2000 times greater 


shows the excellent form of the upper part of the saturation } 
curve under these conditions. ‘ 

Using another special Cintel cell, a compromise along these , 
lines was tried, by having the inside of the bulb fully metallized 
and connected to anode, except for an untreated window / 
about 2cm square. A saturation loop of 1% was still 
observable, however, due to potential jumps of the free 
window-area. No doubt this area happened to be clean and 
well insulating.. The most certain remedy seems to be a 
deliberate conductive-film treatment, but this presents con- 
siderable problems, chiefly of a chemical nature, in a photocell. | 
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Meanwhile, it seems advantageous to try to have the inside 
of the bulb as “‘dirty” as possible, and to make the anode a 


'push-fit in it, touching it as intimately as possible. Good 
isolation of bulb surface from cathode is in all cases essential, 
to avoid the Penning-Moubis condition with its spurious 
augmentation of cell output. 


Finally, it seems very likely that fatigue in a vacuum cell 


is simply another manifestation of the processes above 


described, as they may occur in an ordinary cell having large 


_and ill-defined variations in conductivity over its inner bulb 
surface, and some very slight leakage between this surface 
_and cathode as well as anode, perhaps. It has been shown 
_ that it may take as long as half a second for a major change 
in bulb potential to spread from one end to the middle of the 
bulb. There seems to be no reason why the time constant of 
such processes should not often be very much longer, depend- 


ing on bulb surface resistivity. Their effects would then 


: appear as a slow change, rather than a sudden jump, in cell 
- output. 


The irregularities of behaviour observed in some modern 


' photocells, and herein discussed, are hardly to be laid at the 
_ door of the earlier pioneer workers responsible for their 
design. Rather, it is that the general cleanliness attainable 
_ by modern vacuum tube technique has made the irregularities 


clearly recognizable or—one may almost say—has caused 
their occurrence. 
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Photoelectric recording of reflecting echelon fringes 


By T. A. LitrLerietp, Ph.D., A.Inst.P., Physics Department, King’s College, University of Durham, 
Newcastle upon Tyne 


[Paper received 6 April, 1955] 


The apparatus described consists of a reflecting echelon interferometer used in conjunction 
with a photomultiplier to measure the relative intensities of hyperfine structure components of 


spectral lines. 
distortion and displacement. 


The arrangement eliminates the troublesome “‘envelope effect”? which leads to 
The choice of exit slit width is discussed and the dispersion of 


wave number along the pen recorder trace is shown to be almost linear. Tests with the cadmium 
triplet 235, — 23P);, indicate that the method is reliable when the components are completely 
resolved. 


| Since its development by Williams,“ the reflecting echelon 
| has been largely used for precision vacuum wavelength 


measurements, a task for which it appears to be particularly 
well suited. Some hyperfine structure investigations have 


also been made, notably by Drinkwater, Richardson and 
- Williams, and by Foster and Richardson.©) By comparison 


with the Fabry-Perot etalon, however, the reflecting echelon 
finds little favour with spectroscopists, largely on account 
of its high cost and fixed dispersion. 

The development of the photomultiplier has rendered 
possible the direct recording of the intensities of hyperfine 
structure components of spectral lines. The Fabry—Perot 
interferometer has already been used in this manner by 
Jacquinot and Dufour,“ and some indication has already 
been given by Barrell) and Jacquinot® that similar work 
is in progress in this laboratory. It will be shown that, 
despite the envelope effect, the measurement of intensities 
provides another promising field of activity for the echelon. 


PRINCIPLE 


Briefly the behaviour of a reflecting echelon may be con- 
sidered in the following way. Each step behaves as a rect- 
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angular aperture so that the light, reflected from it, is distri- 
buted in a diffraction pattern, the shape of which is given 
by sin?«/a2 where « is half the phase difference for light 
proceeding from opposite sides of the step. This is known 
as the envelope curve. When a number of such steps are 
arranged as an echelon, interference occurs so that only 
two fringes for each wavelength appear. The relative inten- 
sities of the two fringes are governed by the envelope curve. 
Thus fringes of appreciable breadth are not only reduced in 
intensity but also distorted in any position other than single 
order (« = 0) at the centre of the envelope curve. The 
distortion depends upon the breadth of the fringe and its 
position within the envelope curve. 

By arranging a photomultiplier behind a moving slit, the 
intensities of the fringe system could be recorded. Since, 
however, the echelon is already enclosed in a vacuum chamber 
it is more convenient to move the fringes across a fixed slit 
by adjusting the air pressure within the chamber. Moreover, 
when the photomultiplier slit is placed in the position of 
single order, the fringes are recorded not only at maximum 
intensity but also free from envelope distortion and displace- 
ment. The air pressure within the chamber is allowed to rise 
slowly by leakage from the atmosphere through a length of 


333 


T. A. Littlefield 


capillary tube. Thus, with this simple arrangement, some 
of the most troublesome limitations of the echelon are 
removed and an entirely new field of activity has become 
available for it. 


EXPERIMENTAL ARRANGEMENT 


Two methods of crossing a reflecting echelon with auxiliary 
dispersion have been used in the past. The internal parallel 
beam mounting was advocated by Jackson‘ while the 
external parallel beam mounting was preferred by Williams.“ 
Although the former is very economical of light, it has been 
criticized by Williams because it will only give full resolving 
power for the wavelength falling normally upon the echelon. 
A more serious disadvantage is that such an arrangement 
cannot be used for precision wavelength measurements, since 
different wavelengths, incident upon the echelon at different 
angles, implies a variation of interference path for different 
wavelengths. Since in the present arrangement only one 
wavelength at a time can be examined, Williams’s objections 
no longer hold, and Jackson’s arrangement is preferred on 
account of its greater economy of light and compactness. 

Light is focused upon the first slit S (Fig. 1) which lies in 
the focal plane of the echelon lens L, so that a parallel beam 


Fig. 1. 


Experimental arrangement 


of light falls upon a prism P lying immediately in front of 
the echelon chamber C. Light of only one wavelength falls 
normally upon the echelon surface and thus after reflexion 
returns through the prism and echelon lens to be focused 
upon the fixed photomultiplier slit E. Behind this slit the 
photomultiplier M is placed at such a distance that the cone 
of light emerging from the slit almost fills the photosensitive 
surface. Rotation of the echelon chamber and prism about 
the vertical axis at A brings any desired wavelength on to the 
slit at E. A wavelength scale can therefore be attached to 
the arc BD. 

To ensure that the photomultiplier slit lies at the centre 
of the envelope curve, a source having a continuous spectrum 
is first examined. Such a source containing all wavelengths, 
gives a light distribution corresponding to the envelope curve. 
The tilt of the echelon chamber mount is then carefully 
adjusted until a maximum response of the photomultiplier is 
recorded, corresponding to the single order position. 

The source having the continuous spectrum is then replaced 
by one giving the line spectrum to be examined. Air is 
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allowed to leak slowly into the echelon vacuum chamber, the {j 
rate of leakage being controlled by a suitable length of } 
capillary tubing. A leakage rate such that it took 75s i 
for a whole order to pass across the exit slit was found to be {j 
satisfactory. Initially, galvanometer deflexions arising from 
the output current of the photomultiplier were recorded 2 
with a continuous paper camera running at constant speed, ) 
but recently the galvanometer has been replaced by a direct 
current amplifier and a pen recorder. 


SLIT WIDTHS 


Experience with photography of echelon fringes has shown | 
that the optimum entrance slit width is about 0-002 cm. An 4 
exit slit of similar width was used in the present work, the #f 
choice being governed in the early stages by what was readily i 
available. It is clear that the resolving power of the instru- 4 
ment used in the present way is closely linked with the width 4 
of the exit slit. It will be appreciated that when the slit is | 
made too narrow, the sensitivity is reduced, while, if it is | 
made too wide, the resolving power will be sacrificed. q 

Graphical investigation of slit width, plotted as a fraction % 
of the half-width of the fringe, showed that, when the @ 
fraction was 4, the recorded contour was indistinguishable } 
from the original. This also applied to two fringes which | 
were just resolved when the intensities were equal and also. 
when they were in the ratio 1: 5. It was a little surprising } 
to find that even when the slit width was as much as 4 the §f 
half-width, the recorded contours were just perceptibly | 
different from the original. From this it is evident that there | 
is no advantage in reducing the slit width below 4 or 4 of the 1 
half-width of the fringe. j 

Blackie and Littlefield“) have shown how to calculate the jf 
width of an echelon fringe from a knowledge of the instru- } 
mental width and the Doppler width. This calculation yields 4 
a fringe_half-width of 0:0042 cm for cadmium excited in an — 
Osira lamp (by General Electric Co. Ltd.) at about 600°K. 
The slit should therefore be 0-0010 cm, but the above con- 
siderations showed that the records obtained, in which the 
ratio of exit slit to width to half fringe width was 4, will 
not be significantly different from the original fringes. 
Even if this source were cooled with liquid air, the fringe 
width would be reduced to 0:0030 cm, so that a slit width 
of 0:0005 to 0:0010 cm would still be satisfactory. This is 
fortunate since it is difficult to construct slits with widths 
appreciably smaller than this. 


DISPERSION 


Although the most important function of this equipment | 
remains an investigation of intensities of hyperfine structure — 
components, some knowledge of the dispersion as measured 
along the pen recorder paper is desirable, even if only to 
facilitate the identification of components. It is clear that 
the dispersion cannot be linear, because the rate of leakage | 
falls as the air pressure within the chamber rises towards — 
atmospheric pressure. Moreover, to make the dispersion 
linear hardly seems worth while at this stage. Since spectro- 
scopists are primarily interested in wave-number differences, 
the dispersion of wave-number between orders along the pen 
recorder trace was investigated. 

For light of wave-number v falling upon an echelon of step 
thickness ¢ and step height s, m/v = 2t — sO where m is the 
order of interference and @ is the angle of diffraction. In 
the present arrangement 1, s and 6 are all fixed. As air enters 
the chamber, v and m increase proportionally so that the 
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above relationship is preserved. The wave-number difference 
Av corresponding to an order difference Am is given by 
|Av/v = Am/m, where m = 2tv.. The distance between two 
successive orders in wave-numbers is obtained by setting 
|Am = 1, from which Av = 1/(22). Let abe the linear distance 
ibetween two successive orders of the main component of a 
line having hyperfine structure, and b be the distance of one of 
its satellites from the main component. Thus a corresponds 
oO a wave-number difference of 1/(2), and provided the dis- 
ipersion of wave-number along the trace is linear, the wave- 
number difference of the satellite from the main component 
is given by b/2at. 
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Fig. 2. Dispersion of wave-number along trace 


The dispersion of wave-number along the pen recorder 
acace was examined experimentally by allowing air to leak 
ento the pressure chamber until six orders had passed over the 
lit. The distances of these along the trace were measured. 
Since it has been shown that there is a constant wave-number 
uifference between successive orders, a graph of wave- 
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DISCUSSION OF RESULTS 


Preliminary tests of the method were made using the 
cadmium triplet 23S, — 23Po,. at wavelengths 4678, 4800, 
5086 A excited in an Osira cadmium lamp. The traces 
(Fig. 3) show successive orders of the main component due 
to the even isotopes with the less intense components arising 
from the odd isotopes lying between. Beneath each trace 
the structures reported by Schuler and Bruck®) have been 
placed for comparison, the intensities being indicated in 
circles at the top of each component. The recorded structures 
agree reasonably well with them, but the temperature widths 
were too great to allow observation of all components. 

To a large extent unresolved components can account for 
discrepancies between the recorded structures and those of 
Schuler and Bruck. Thus the main components of both 
wavelengths 4800 and 5086A appear to be displaced by 
about 0-030 and 0-020 cm~! respectively towards the lower 
frequencies. No such displacement occurs with wavelength 
4678 A which has a simple structure with all components 
resolved. Only in this case has a comparison of intensities 
proved possible and inspection shows that these are in good 
agreement with those calculated theoretically. It is con- 
cluded that this method may be used to compare intensities 
of hyperfine structure components, but great care will be 
necessary in avoiding frequency and intensity errors arising 
from incompletely resolved neighbouring components. 
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number difference Av is given by the equation Av = 0-145x 
- 0-000021x3. This only applies to the particular echelon 
used for this experiment and for which there are thirty-five 
teps, each 6mm thick. The cubic term represents the 
eparture from linearity of the dispersion along the trace. 
The errors arising from the assumption of linearity for 
latellites situated at a half, one and two orders away from 
ihe main component can readily be calculated and amount 
to 0-13, 1:05 and 2:1% respectively. Since it is unlikely 
at the pattern over more than one order would be measured, 
t is evident that the error introduced by the assumption of 
jnearity of dispersion is not likely to exceed 1%. 
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Millimicrosecond exposures by image tubes 


By R. F. Saxe, Ph.D., Queen Mary College, University of London, and R. A. CHIPPENDALE, B.Sc., 
Mullard Research Laboratories, Salfords, Surrey 


[Paper first received 18 March, and in final form 13 April, 1955] 


The technique whereby an image tube and a coaxial system may be used to obtain pictures with 

an exposure not exceeding 4 mus is described. Pictures showing the growth of a streamer across 

a gap in approximately 4 mys are given. The limitations of this technique are briefly discussed, 
and it is estimated that exposures of the order of 10~1°s should be possible. 


The study of the spatial distribution of a body emitting an 
optical transient may be performed by taking a short-exposure 
picture of that body. If the spatial distribution which is to 
be studied is varying in time, then such a picture will record 
the integrated distributions existing while the exposure is 
being taken. If the duration of the exposure is made so short 
that the change in spatial distribution during the exposure iS 
small, then effectively a single, “still” picture is obtained. 
The upper limit of exposure, for which the resultant picture 
may be regarded as a single, “still” picture, will obviously 
depend on the rate of change of spatial distribution to be 
studied. 

In the case of certain gaseous discharge phenomena, the 
upper limit of exposure lies in the millimicrosecond range 
(1 mps = 10~9s), and it is therefore desirable to be able to 
record with an exposure of this order. An attempt was made 
by Dunnington and White,” to achieve this end by means 
of a Kerr cell. The Kerr cell shutter is maintained open to 
light by the application of a voltage and the same voltage is 
applied to a spark gap through an open line. 

When a spark is initiated in the spark gap, the resulting 
collapse of voltage is propagated along the line and causes 
the Kerr cell shutter to shut. The use of mirrors to delay 
the arrival at the Kerr cell of the light emitted by the spark 
enables the early stages of the spark to be studied. The 
transition time of the Kerr cell shutter from the open to the 
closed state was estimated to be 4mys. It is, however, 
doubtful if such a rapid closing was in fact achieved since an 
open line was used. No monitoring of the pulse shape was 
attempted. 

By the use of a Blumlein system and a Kerr cell, Walker®) 
claims to have achieved an exposure of 20 mys, although the 
opening and closing of the cell occupied a large fraction of 
this time. Other workers“)>) have obtained exposures of 
this order of magnitude using Kerr cells, the shortest exposure 
claimed being of the order of 7 mps. In these cases, how- 
ever, the cell was driven by an LCR circuit and the transition 
time of the shutter was limited to about 4 mys. This limita- 
tion of minimum transition time is due to the high capacitance 
(of the order of 10~!° F) of a Kerr cell of reasonable aperture, 
and to the use of a circuit composed of lumped components. 

It will be shown later that in uniform field conditions a 
streamer may cross a 1 cm gap in about 4 mus, and it is 
obvious, therefore, that a shutter of higher performance is 
required to investigate this motion. The use of an image tube 
has enabled this higher performance to be achieved and the 
system will now be described. 


THE ELECTRICAL SYSTEM 


In order to generate transients of short duration and with 
rapid transitions, it is advisable to employ a coaxial system, 
and the system here employed to drive the image tube is 
shown in Fig. 1. It consists of a coaxial line, the centre of 
which is formed in two parts, A and B. The insulant is 
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polythene and the characteristic impedance, Z, of the line is ¢ 
approximately 13 Q. 

Section A of the line is charged to approximately 30 kV § 
through the high resistor R, and the gap between sections A 
and B is arranged so that a spark will pass when the section A | 
is fully charged. If the spark is assumed to present a very 
low impedance in an infinitely short time after initiation, then 4 
a square electrical transient will travel along section. B and 
will appear across the matching impedance, Z, at a time f 6 
after the initiation of the spark where ¢ is the time of travel} 
of an electrical wave along section B of the coaxial system. % 


G 
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Fig. 1. Diagram of the coaxial line-image tube system 
used to study the growth of a spark 
A, B, sections of centre conductor; C, focus coil; S, spark gap; 
M, mirrors; V, mirror; L, lenses; R, charging resistor; | 
STUVE, optical path. 
The arrows indicate the directions in which the mirrors M may 
be moved to vary the optical path STUVE. 


The duration of the transient will be 27, where T is the} 
time of travel of an electrical wave along section 4 of the! 
coaxial line. The transient appearing across Z will not be/ 
perfectly square but will be degraded, both in the shape of! 
the front and in amplitude, by attenuation in section B. The? 
back of the transient will be degraded by attenuation suffered} 
in travelling twice along section A, once along section B and: 
by reflexion at the open end (left-hand end, Fig. 1) of) 
section A. : eo) 

These considerations are based, however, on the assumption} 
that the impedance transition in the spark occurs in anj 
infinitely short time, which does not obtain in fact. Analysis) 
of the experimental evidence of the breakdown processes in 
a uniform field gap has shown) that the final stage of the 
initiation process is a streamer, and a theory has been: 
advanced) in which the mechanism is shown to be essentially: 
the same in uniform and non-uniform fields. Experiments 
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on long point/plane gaps®) have shown that a charge dissipa- 
tion occurs of the order of 1 wC/cm travel of the streamer. 
_In the breakdown of a gap, such as that shown in Fig. 1, 
this charge may be drawn only from the charge stored in the 
capacitance of section A of the line. If | MC of charge is 
4 stored in a length / of section A, then the maximum velocity 
jat which the streamer may advance is | cm in a time 2I1/v, 
iwhere v is the velocity of an electrical wave along the coaxial 
isystem. If we consider a 70Q coaxial system, it may be 

‘estimated that the streamer will cross a 1 cm gap in approxi- 
| mately 10 mys, while in a 13 Q system the streamer will 

cross the gap in approximately 2 mus. 

It is therefore obvious that, in order to obtain rapid 
transitions in the switching, the system must be coaxial and 
of low impedance. 

_ The application of the square transient to the image tube 
'must also be considered. In early experiments, the image 
; tube was situated outside the coaxial line and was connected 
across the matching impedance by the shortest possible 
iconnexions. However, the inductive circuit which resulted 
‘deteriorated the transient applied to the image tube and a 
: distorted picture resulted. 

This defect was eliminated by the use of a coaxial tube and 
‘termination as shown in Fig. 2. The use of this tube, which 
fias an internal capacitance of the order of 10 pF, gives a 
# time constant of 10—!%s, 


THE IMAGE TUBE 


The first trials were made with a standard Mullard type 
ME i201 AA image tube. This tube is fitted with a grid 
p clectrode to facilitate its use as an optical shutter and has 
electrode connexions brought out to standard valve caps. 
‘The physical construction and position of these lead-out 
# electrodes gives rise to an inductive mismatch when the tube 
is connected up as near as possible to the end of the coaxial 
line. For this reason the diode shown in Fig. 2 was 
4 constructed. 
The tube (Figs. 2 and 3) is built of Phoenix glass and has a 
il in. diameter low resistance antimony-—caesium cathode on 


I 
i 
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Fig. 2. Method of connexion of the image tube to the 
coaxial line to preserve the coaxial nature of the system 
P, end plate on which the photocathode is formed; B, internal 


glass re-entrant; S, fluorescent screen; A, tungsten seals for 
connexion to the anode; C, spring contact bands; R, resistors. 


\the end plate P and a 44 in. diameter fluorescent screen S. 
|The internal glass re-entrant tube B provides an insulating 
jpath between the photocathode and the anode which consists 
lof a conducting coating of aluminium covering the internal 
‘walls from B to the aluminium backed screen. The anode 
llead-out consists of four tungsten seals A equally spaced 
round the tube and joined externally by a ring of silver 
i\deposited on the glass. The cathode lead-out is identical and 
lis brought out to a similar silver ring on to which the spring 
contact band C is clamped as in the case of the anode. The 
iresistors R (40, 1 W, 25 Q in series parallel) are connected 


VoL. 6, SEPTEMBER 1955 


across the two contact bands C, and provide a reasonable 
termination across the inner and outer conductors of the 
coaxial system. 

Care must be taken to ensure that connexions associated 
with the tube are of low impedance as it is estimated that the 
current which flows in the tube for an exposure such as that 
shown in Fig. 4(a) is in the range 0-1 to 1 A. 


Fig. 3. Photograph of image tube showing spring contact 


bands C and matching resistors R 


* The tube works at an electron-optical magnification of 
four using the magnetic focus coil C (Fig. 1). Under d.c. 
conditions the maximum anode voltage is approximately 
8kV but the tube works satisfactorily up to 15kV with 
transients of less than 10~8 s duration. 


EXPERIMENTAL RESULTS 


Lack of a travelling wave cathode-ray tube prevented 
accurate monitoring of the wave shape applied to the image 
tube, but the cathode-ray tube available (type GEC 958) 
showed that the wave was approximately square. 

The study of the initiation processes of breakdown in a 
gap was performed using the experimental arrangement 
shown diagrammatically in Fig. 1. Light from the spark is 
taken along the optical path STUVE by means of lenses L, 
and mirrors M, and is focused on to the photocathode E, 
of the image tube. The mirrors M are mechanically con- 
nected and may be moved as shown by the arrows. The 
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length of the optical path may therefore be varied at will 
by a known amount. Since the velocity of light in air is 
known, the variation in the delay of arrival of light at the 
photocathode E, owing to a given change of path length, 
may be readily computed. 

The electric transient operating the image tube is of 
duration 2T, but the maximum exposure obtainable will be 
shorter than this owing to transit time effects. Electrons 
which have been accelerated by the electric transient will 
continue to move down the image tube after the termination 
of the electric transient and will reach the screen. Electrons 
which have been accelerated to velocities of less than 10 kV 


(c) 


Fig. 4. The growth of a streamer across a spark gap 


Duration of electric transient applied to image tube of the 
order of 45 mus. 

Amplitude of electric transient applied to image tube of the 
order of 15 kV. 


Relative times are (a) 0; (6) 1-35 mus; (c) 3-4 mys. 


will not contribute significantly to the recorded picture on 
account of their lower energies. As the time f,, taken for an 
electron from the cathode to reach 10 kV is approximately 
0:5 mps, the exposures may be considered to be shortened 
by this amount at the trailing edge. 

If the delay in the arrival of light from the spark at the 
image tube is ¢,, then the conditions for photo-emission 
(i.e. a voltage established across the image tube and cathode- 
illuminated) will persist only for a time (¢ + 27 — t, — fp). 
Variation of ¢,, by movement of the mirrors, enables the 
stages of growth of the spark to be studied, and if 
t; > (t + 2T — ty), the initiation processes may be observed. 

The above analysis of the temporal range of the spark 
process observed is based on the assumption that no delay 
in the emission of light from the spark occurs, i.e. that the 
lifetimes of the excited states concerned are small compared 
with the time intervals considered. The results obtained 
indicate that this assumption is not valid, the delay in light 
emission being approximately 1-8 mys. 

When the initiation processes are being studied, the growth 
of visible luminosity across the gap is arrested on the resultant 
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picture by the termination of the open condition of the image 
tube shutter and the rapidity of this termination will obviously 
be dependent on the shape of the back of the electric transient 
applied to the image tube. 

Pictures of different stages of the growth of a streamer in 
the gap are shown in Fig. 4, and the relative times are 
indicated. It will be seen that the streamer crosses the gap 
in approximately 4 mys. The duration of the electric transient | 
for these pictures is of the order of 44 mys and the amplitude 
of the transient is of the order of 15 kV. 

Normal methods were used to record the image on the 4 
fluorescent screen, i.e. Wray f/1:0 lens, HPS emulsion 
developed in Johnson’s contrast developer diluted 2:1 for | 
12 min at 20° C. 


POSSIBLE FUTURE DEVELOPMENTS 


The production of shorter exposures by means of an 
image tube should be possible. In the present image tube, 
the effective transit time is approximately 0:5 mys, and this 
probably represents the shortest exposure obtainable. 
Further, the streamer transit time for the 15 Q. coaxial 
system used is about 4 mus and during this time, since current 
flow is occurring in the gap, an increasing voltage is being i 
propagated along section B of the line (Fig. 1). This increas- 
ing voltage will cause some low-level exposure to be obtained; 
on the image tube. 

To eliminate these limitations, it is suggested that a simple # 
planar type of image tube (similar to the type CV 144 by 
Electric and Musical Industries Ltd.) with a small cathode- 
screen spacing could be driven by a line of impedance of, 
say, 1-5Q. The use of higher voltages is also to be recom- 
mended in order to increase the brilliance of the image on 
the screen of the image tube. Owing to the short duration 
of the electrical transient applied to the image tube, break- 
down is not a serious limitation. 

It is probable that exposures of the order of 10~!°s could 
be achieved by the use of the above suggestions. 
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iSensitometry. By L. Lope and N. Dusots. (London: The 
Focal Press Ltd., 1955.) Pp. 263. Price 25s. 


/From a practical, indeed in many ways from a theoretical, 
point of view the H and D curve of a photographic material, 
which relates the density produced to the exposure, is of 
‘fundamental importance. This book is concerned with the 
i) meaning, the measurement and the use of the H and D curve. 
y/It has been translated and somewhat modified from the 
oe de sensitometrie by the same authors, the first edition 
of which was published nearly 20 years ago. A chapter on 
ithe application of the H and D curve to colour materials and 
an index in the English fashion have been added. Considering 
‘the price the reviewer considers that the book might have 
F been more attractively produced. The figures are heavy in 
fepanison with the French version, but the photographs 
tare better reproduced and rather more attractive in other 
lrespects. The treatment is at an elementary level but sound, 


{8° that it provides an excellent introduction to the subject. 
| E. W. H. SELWYN 


Electrical characteristics of overhead lines (1954). By S. 
BUTTERWORTH, O.B.E., M.Sc. Pp. 238. Price 44s. 
Handbook on electrical characteristics of overhead lines 
(1953). Pp. 20. Price 15s. (Leatherhead: The British 
Electrical and Allied Industries Research Association.) 


fa the design and operation of overhead-line power systems 
it is necessary to know the electrical characteristics of various 
types of line; for example, the power-carrying capacity, the 
} voltage drop and the fault current are determined largely by 
[the line impedance, the power loss by the resistance, and the 
i charging current by the capacitance. It is the aim of this 
: book to give the transmission line engineer all the information 
j\he needs to calculate such characteristics for any design of 
|line likely to be of practical importance. 

The first three chapters of the book discuss the basic line 
jconstants; resistance, inductance, and capacitance. The 
|following chapters deal with three-phase lines under balanced 
;and unbalanced conditions, current-carrying capacity, corona 
and corona losses, multiple conductors and voltage regulation. 
| Line calculations are rather tedious if they are carried out 
ifrom the basic formulae, and valuable features of the book 
Hare the tables and alinement charts which reduce the calcula- 
itions to very simple arithmetical operations. 

| The book is comprehensive and up-to-date; for example, 
lit contains a useful treatment of multiple conductor lines, 
jie. lines in which each phase consists of two, three or four 
;conductors spaced about 12 in. apart. This type of line is 
becoming of increasing importance for high-voltage power 
transmission, and information on its characteristics is not 
i yet available in most textbooks on the subject. 

Although the book gives a full theoretical derivation of all 
the formulae used, the practical engineer will normally use 
only the tables and alinement charts. Accordingly, a separate 
handbook has been published containing the tables and 
\alinement charts together with some practical examples 
\illustrating their use, but without the theoretical treatment. 
The author and the Electrical Research Association are to 
be congratulated on these two publications which should be 
of great service to overhead-line designers and operators and 
‘also to advanced students. J. S. FORREST 
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NOTES AND NEWS 


New books 


Progress in biophysics and biophysical chemistry, Vol. 5. 
Edited by J. A. V. BUTLER and J. T. RANDALL. (London: 
Pergamon Press Ltd., 1955.) Pp. viii + 230. Price 55s. 


This volume, in common with others of the series, contains a 
mixed bag of subject-matter. It is unlikely that the average 
biological scientist will have time to read all the sections 
however good these may be. The diversity renders it difficult 
for one person, including the reviewer, to judge equally the 
contributions. The volumes in their present compass resemble 
“annual reviews”; it is possible that the common interest 
might be better served if all sections in a given number bore 
on a particular subject. 

Taking the sections in order: there is a discussion of the 
kinetics of bacterial growth by Dean and Hinshelwood. In 
this the process of adaptation of the cell enzymes to changes 
in the conditions is discussed and contrasted with the theory 
that mutant varieties take over following the change. 

Schulman and collaborators discuss the adsorption of 
surface active agents and antibiotics on cells. Haemolytic 
activity is related to the penetration of a cholesterol mono- 
layer by the substance, and the antibiotic activity of some 
substances may similarly be related to their effects on a 
monolayer. 

Pollard and collaborators discuss the action of ionizing 
radiation on enzyme systems. It is possible to deduce the 
size and molecular weight from the inactivation caused by 
exposure to radiation. The structure and function of the 
photosynthetic centres, the chloroplasts, of plant cells, forms 
the subject of a section by J. B. Thomas. The formation of- 
X-ray diagrams from fibres, and their interpretation, is dealt 
with in an elementary way by A. R. Stokes. Finally M. Joly 
discusses the denaturation of proteins, and its reversal. The 
latter includes a very extensive bibliography of this complex 
subject. 

Following this list one can only concur with the editors’ 
expression of the difficulty met in deciding upon the field 
covered by the title. E. J. Harris 


Sonics. Techniques for the use of sound and ultrasound in 
engineering and science. By THEODOR F. HUETER and 
RICHARD H. BoLtr. (London: Chapman and Hall Ltd.; 
New York: John Wiley and Sons, Inc., 1955) Pp. 
xi + 456. Price 80s. 


The authors of this book have set out to survey, for those 
who are interested in introducing new techniques into 
industry, the possible applications of devices using sound 
and ultrasonic vibrations. With their considerable experience 
as consultants and lecturers, they have fulfilled this task well. 
They take care to explain the fundamental bases of the 
techniques and give detailed descriptions of the various 
transducers and detectors that may be used, setting out the 
information in useful comparative tables. 

There is a tendency when new devices using previously 
untried phenomena like ultrasonics are presented to claim 
more for their applications than is justified. The authors 
are careful to show what techniques have been brought to 
the plant stage and to distinguish them from those which 
have not progressed beyond the “‘test-tube”’ stage. 

The book can be recommended to all who wish to consider 
the application of acoustic methods in all branches of 
engineering. E. G. RICHARDSON 


339 


New books 


Fundamentals of radiobiology. By Z. M. Baca and P. 


ALEXANDER. Pp. xii + 389. Price 40s. Radiobiology 
symposium 1954. Edited by Z. M. Baca and P. 
ALEXANDER. Pp. v + 362. Price 60s. (London: 


Butterworths Scientific Publications, 1955.) 
The development of the new science of radiobiology (should 
it not be “radiation biology” ?) owes much to British physicists, 
notably to J. A. Crowther, to D. E. Lea and to L. H. Gray. 
It was Crowther who proposed the first definite, physical, 
hypothesis to explain the -biological actions of ionizing 
radiations: “. . . action takes place whenever one of the 
biological structures is ‘hit’ by the radiation . . . a ‘hit’ is 
registered when a pair of ions is produced anywhere within 
the sensitive particle’ he said in his Sylvanus Thompson 
Memorial Lecture in 1937. Lea, on the basis of a long 
sequence of beautifully designed and executed physical 
experiments on biological material developed this into the 
“target” theory, which was set out in the second edition of 
Actions of radiations on living cells (London: Cambridge 
University Press, 1954). He postulated that in certain 
precisely defined cases, biological changes resulted from 
ionization “‘in, or in the immediate vicinity of, some particular 
molecule or structure” vital to the life of the organism, the 
so-called “‘target.”? Lea emphatically disclaimed universality 
for this theory, and was quick to see the significance of the 
suggestion, made in this country by Weiss in 1944, that the 
process of ionization in water (and so in tissue) results in 
the liberation of free hydroxyl and hydrogen ions and sets 
in train a sequence of chemical reactions with the solutes 
present, a theme some biological aspects of which were 
discussed by Gray in the Sylvanus Thompson Lecture in 
1953. Lea’s work provided the foundations of the new 
science. This wider theory brought chemists to the aid of 
physicists and biologists and an increasingly voluminous 
literature has resulted. It is this literature which Prof. 
Bacq (a physiologist) and Dr. Alexander (a physical chemist) 
have set out to survey in their book. In the preface they say 
““We have selected certain investigations from the enormous 
mass of published material . . . we have deliberately chosen 
certain aspects of radiobiology for special emphasis.” They 
must therefore not expect every reader to agree either with 
this selection nor with the conclusions they draw. These are 
clearly very personal opinions. The author index gives 
57 references to Bacq, 48 to Herve (one of his collaborators), 
41 to Alexander and 39 to L. H. Gray—the many others 
listed are ‘‘also rans.” The title of the book is, in a way, 
misleading: it should have been Some chemical aspects of 
radiobiology. In this context it is valuable in showing the 
change of emphasis which has taken place since the appearance 
of the first edition of Lea’s book in 1946; but the authors 
should have been more cautious in the predictions made in 
their “‘postcript.” It is not wise to argue too soon from 
the test-tube to the patient. Nor are they fair in their 
reference to the ‘“‘sterile pursuit of purely anatomical 
observations.” If, by this, they mean the study of the effects 
of radiations on living organisms as compared with in vitro 
studies of radiation-induced chemical changes, the reviewer 
must beg to differ. This subject is biology, and the funda- 
mental unit of biology is the cell. From it one can work 
inwards biochemically, or outwards, to living tissue; but the 
changes produced in the individual cell by the actions of 
radiations are the fundamental ones. Nevertheless, despite 
such criticism, this book will take its place as a source book 
in the radiological literature. Its writing has involved much 
labour—960 original papers are listed in the bibliography— 
and no mean scholarship. Any physicist who thinks he would 
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like to find out for himself what radiobiology really is could # 
do worse than to start on F. G. Spear’s Radiations and living: 
cells, continue with Lea’s Actions of radiations on living cells 
and then read Bacg and Alexander to bring himself up-to-date. 
Radiobiology symposium, edited by the same authors, is a } 
collection of the papers read at a radiobiological symposium } 
held in Liége in 1954. The topics are largely biological and 4 
cover a very diffuse field. This again has its main value as ' 
a source book. ’ . 
| 
} 
\ 


Atomic energy research at Harwell. By K. E. B. Jay. 
(London: Butterworths Scientific Publications, 1955.) He 
Pp. xii + 144. Price 5s. 


This volume is in the nature of a progress report and gives jy 
the reader a good general picture of what has been happening J 
at Harwell since the account published in 1952.* Some § 
sections, however, deal with the work done over the whole § 
of the Establishment’s eight years of life, for it is only now 6 
that the information can be released. a 

The report is divided into two parts. The first (76 pp.) { 
deals with the major programmes and is written primarily © 
for non-technical readers. The second part (62 pp.) is i" 
written for “‘scientific readers who have not specialized in the % 
various fields discussed” and deals with selected researches 7 
carried out in the last two or three years. ql 

Part I, while a little uneven, is generally good and satisfying; 
the chapter on the development of electronic instruments = 
which describes clearly and concisely the various counters © 
in use and the associated equipment is an excellent piece of | 
technical writing for the non-specialist. There are, however, ; 
occasional lapses, for example a phrase like “glass heavily | 
loaded with lead...” (p. 63) may mislead a non-technical © 
reader not familiar with lead-glass. The. standard of } 
technical knowledge assumed varies—some terms being #f 
explained, whilst others are not. 

Part I opens with a paragraph on the importance of } 
fundamental research, which is so good that it is worth } 
quoting in full. 


C. B. ALLSOPP 


“Right from the beginning it has been recognized that one of the | 
main duties of the Establishment would be to consider the long- } 
range planning of atomic energy, and to be alert to its every } 
possibility, from the most general point of view. To do this the | 
Establishment needs men of a vigorously independent turn of | 
mind who will approach the subject from a fundamental viewpoint, # 
untrammelled by the immediate problems of day-to-day research } 
and development. To attract men of this kind and to create an | 
atmosphere favourable to new ideas and a rebellious spirit of 
inquiry, Opportunities must be provided for pure research in fields } 
of international interest, up to the very frontiers of contemporary | 
scientific inquiry. Without such research a laboratory slowly dies 
of intellectual stagnation. The stimulating influence of pure | 
research at Harwell has more than justified the comparatively small § 
proportion of the Establishment’s effort devoted to such research; # 
it has brought many distinguished visitors who have kept the 4 
scientists on their toes; it has rejuvenated men who had begun to | 
lose sight of the wood for the trees in the daily worries of applied \ 
research; and it has provided unexpected bonuses in techniques } 
that have turned out to be valuable for project applications un- | 
related to the fundamental work from which they were born.” | 


The three chapters in this part deal with research in physics, | 
in chemistry and chemical engineering, and in metallurgy. | 
These divisions, let it be said, however, are not to be taken | 


* Harwell—the British Atomic Energy Research Establishment, 
1946-1951 (London: H.M. Stationery Office, 1952). 
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i oo seriously since one finds an account of the use of the 
Wplane grating in divergent light under chemistry and the 
leffect of radiation on long chain polymers under metallurgy. 
| This book deserves to be widely read. It will make the 
reader generally, even if vaguely, aware of the remarkable 
dvances in pure and applied physics resulting from the work 
at Harwell; it will show him how outsize scientific and 
technological problems are tackled; lastly, but by no means 
east, it contains some excellent examples of scientific writing. 
H. R. LAnG 


Elektronische Halbleiter. By E. SpENKE. (Berlin: Springer- 
Verlag, 1955.) Pp. xx + 379. Price DM 34.50. 


‘Dr. Spenke’s book on electronic semiconductors may be 
regarded as a very timely and most valuable contribution to 
ia deeper understanding of this important subject. Its useful- 
ness for students, both beginners and advanced, is beyond 
‘question. What is more, the only existing “‘classic’’ on the 
‘subject, issuing from the Bell Laboratories, is now followed 
Hoy a book from an entirely different school, centred around 
he person of W. Schottky. This leads to differences in 
emphasis and approach which will be found most refreshing 
and stimulating. The book is written in the form of ten 
ectures and is divided into two parts. The first part deals 
‘with a qualitative description of electronic semiconductors 
jand presents the theories of rectification and transistor action. 
| The second part gives a more advanced treatment of the 
Fphysics of semiconductors. 

The first chapter gives a qualitative discussion of the band 
-model and an elementary discussion of electron motion in 
metals which is sometimes so much simplified as to be mis- 
‘eading. Chapter 2 gives a comprehensive discussion of 
nmperfections and disorder including the ionic crystals, based 
fo a large extent on thermodynamic principles. This chapter 
#will be found very useful by students brought up primarily 
on Shockley’s book. Chapter 3 deals with the concept of a 
positive hole and defends the idea of “negative mass” as both 
iplausible and essential for the assumed physical model. 
Whether the notoriously tricky transition from (—m, —e) to 
\(+-m, +e) will be quite convincing to the beginner, and the 
more advanced student, is an open question. Chapter 4 
Hgives a detailed treatment of rectification. Those familiar 
‘with the author’s contributions to the physics of metal 
‘rectifiers will not be surprised that he should begin with and 
tplace main emphasis on metal-semiconductor contacts rather 
than on p-n junction. The importance attached to con- 
icentration gradients and Boltzmann distribution in equilibrium 
at the expense of band models is to be welcomed as a change. 
|The principles of transistor action are the subject of Chapter 5. 
The filamentary transistor is discussed in considerable detail 
and the junction and point contact transistors are then 
icompared with it. The equivalent circuits are derived. 

Part 2 begins with a discussion of the Heitler-London and 
‘Hund—Mulliken approximations for hydrogen molecule, as a 
preliminary to the treatment of the band model. The author 
akes a strong plea against the uncritical acceptance of the 
latter and presents the case for the validity of the atomistic 
approach in certain circumstances, a point which is frequently 
Noverlooked.. Chapter 7, accounting for 120 pages, gives a 
lidetailed treatment of the band model. The student should 
nd the discussion of Bloch’s model for strongly bound 
electrons and Brillouin’s model for weakly bound ones very 
‘illuminating. The latter case is approached from the point 
‘of view of diffraction of waves in three dimensions. This is 
\followed by derivation of formulae for momentum, velocity, 
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New books 


acceleration, effective mass, etc. A novel and useful contri- 
bution is the detailed discussion of band-to-band transitions 
under the action of an electric field, leading to Zener break- 
down. 

The scattering by imperfections is discussed qualitatively, 
but no temperature dependence of mobility is derived. 
Fermi statistics of an electron gas is treated in a separate 
chapter. A very welcome extension of the scope of this 
book is a whole chapter devoted to the dynamics and inertia 
of impurity reactions in semiconductors, with detailed 
discussion of the relaxation time. The last chapter dealing 
with the barrier layers on semiconductors gives an excellent 
exposition of the potential relations near the surface and 
discusses in great detail much that is too often taken for 
granted. 

It might be trivial, in so extensive a subject, to talk about 
omissions. However, accepting the limits set by the author 
himself which include only conduction phenomena, as distinct 
from photo-, thermo- and magneto-electric effects, one would 
expect some discussion of surface recombination velocity 
and a more detailed treatment of minority carrier transport 
phenomena. 

There is a comprehensive author and subject index. The 
general standard of production is high, though some of the 
band model diagrams lack clarity. 

A. K. JONSCHER 


Progress in nuclear physics, Vol. 4. Edited by O. R. FRIscH, 
O.B.S., F.R.S. (London: Pergamon Press Ltd., 1955.) 
Pp. vii + 379. Price 70s. 


The fourth volume in this well-established series maintains 
the high standard of its predecessors. The topics selected are, 
as usual, extremely diverse, and are discussed in authoritative 
fashion by the authors concerned. 

In an article on “Isotopic spin and nuclear reactions,” 
Professor W. E. Burcham provides a most welcome pre- 
sentation for experimentalists of this important concept. 
Two articles devoted principally to techniques are those on 
“Scintillation spectrometer statistics” by E. Breitenberger, and 
‘Focussing in high energy accelerators” by T. G. Pickavance. 
The former is directed at the specialist, and deals in detail 
with the many factors which affect line shape. The latter is 
a general introduction for the non-specialist, and emphasizes, 
amongst other things, the close inter-relation of the problems 
of focusing and economics in high-energy machine design. 

The only theoretical article is by R. H. Dalitz on ““Meson 
phenomena and meson theory,” in which the interaction of 
pions and nucleons is discussed. Professor E. W. Titterton 
contributes an article on “‘Photodisintegration experiments 
with nuclear emulsion” containing reviews of experimental 
technique, photodisintegration theory and experimental 
results. ‘“‘Heavy ions of high energy” are discussed by 
D. Walker in a short article. D. J. Hughes’ review of 
‘“‘Neutron spectroscopy” deals with the experimental and 
interpretative aspects of this still developing subject. 

The remaining two articles are on the ‘“‘Nuclear properties 
of the very heavy elements” by J. O. Newton, and “The 
preparation and chemistry of the transuranium elements” by 
H. A. C. Mckay and J. Milsted. It is appropriate that these 
should appear together, for in few branches of physics is 
the physicist so dependent upon the chemist as in the study 
of the very heavy elements. -Newton, however, discusses all 
nuclei heavier than2°8Pb in his review of present experimental 
and theoretical knowledge. 

B. ROSE 
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Journal of The Institution of Telecommunication Engineers 


We have received the first issue of a new quarterly published 
in New Delhi by The Institution of Telecommunication 
Engineers which was established in India in connexion with 
the telegraph centenary celebrations in 1953. The issue 
before us has 58 pages of text measuring 74 * 9}in. and is 
nicely printed and produced. Only twenty of these pages 
are devoted to scientific papers, the others recording the 
inaugural exercises of the Institution and other domestic 
news and reports. The titles of the three papers are: Line 
fault location by pulse technique; On radio measurements at 
Jabalpur during the Solar eclipse of 30th June, 1954; Power 
density diagrams of short-wave aerial arrays. 

The annual subscription to the Journal is 15 Rs. and the 
address of the new Institution, to which subscriptions should 
be sent, is P.O. Box 481, New Delhi, India. 


Glossary of terms used in radiology 


The many new applications to radiology of discoveries in 
nuclear physics has made the need for a revised authoritative 
glossary long overdue. We therefore welcome the publica- 
tion of British Standard 2597: 1955, Glossary of terms used 
in radiology which has been published by the British Standards 
Institution (price 10s. net). The 750 terms and definitions 
contained in it are divided into four main sections: General 
terms and physics; Sources of ionizing radiation; Radio- 
graphy and fluoroscopy; Radiotherapy and radiation pro- 
tection. The comprehensive nature of the glossary is 
indicated by the inclusion of terms relating to such subjects 
as, atomic physics, high voltage generating equipment, X-ray 
tubes and their accessories, particle accelerators, diffraction 
analysis and isotopes in medicine. Where appropriate, 
quantitative values and symbols are given for the various 
terms. A complete alphabetical index is included. 


Review of electronic components for use in telecommunications 


We have received a copy of the Journal Onde Electrique 
for March-April 1955. This is a special edition devoted 
exclusively to components for use in telecommunications 
equipment and has been sponsored by the French Society of 
Radio-Electricians. It comprises several papers by authorities 
in the field, on subjects ranging from resistors and capacitors 
to the recent developments on semiconductors. On the whole, 
the papers are intended for the general reader rather than the 
_ specialist, but even for the latter they constitute a useful 
review. 

Copies of the Journal can be obtained from the publishers, 
Editions Chiron, 40 rue de Seine, Paris, 6°. The price is 
600 francs. 


Exhibition of electrical standards and metering 


A special exhibition has been opened at The Science 
Museum to coincide with the current meeting of the Inter- 
national Electrotechnical Commission and will remain open 
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until 31 October. Although the Exhibition is of particular |) 
interest to those concerned in the problems of metering bulk h 
supplies of electrical energy to large industrial and com- /) 
mercial undertakings, it is intended also for the less specialized } 
visitor and serves to demonstrate the care which is devoted § 
to the accurate calibration of electricity meters. 

One of the objects of the exhibition is to show the origin |) 
and derivation of the various electrical units. An exhibit of } 
particular interest is the ,complete set of the original B.A. 
units of resistance which were made in 1864 for the British } 
Association and constitutes the oldest set of accurate electrical } 
standards now in existence. These “B.A. Units’? have been § 
stored for many years at the National Physical Laboratory. | 
It is now hoped that they will be presented formally to The | 
Science Museum, and thus become a part of the National 
Collection of historic scientific apparatus. 

The Science Museum, to which admission is free, is open 
on weekdays from 10 a.m. to 6 p.m. and on Sundays from 
2.30 to 6 p.m. ; 


Symposium on magnetic materials qi 

The electronics Group of The Institute of Physics will be } 
holding a symposium on ‘“‘Some recent developments in | 
magnetic materials” in the Institute’s House on 23 and 24 | 
September, 1955. Seven papers will be read and discussed. § 
Further details may be obtained from the Institute at 47 > 
Belgrave Square, London, S.W.1. | 


Journal of Scientific Instruments 


Contents of the September issue 


ORIGINAL CONTRIBUTIONS 

Papers / 

A short duration, double-flash system for simultaneous or delayed operation. § 
By N. Dombrowski, R. P. Fraser and G. T. Peck. : e 

A magslip isograph. By G. M. Parker and R. W. Williams. 
Angle-spring hinges. By R. V. Jones. Z 
The effect of eccentric loading of optical flats during grinding or polishing. By 1 
N. J. Rumsey. } 
Portable radiation detectors employing photoconductive cells. By J. C. S.- 
Richards. ) 

An automatic sample changer for radiometric work. By J. Rydberg. , 
Oscillographic measurement of the Penning-gauge characteristics. By M. Varicak | 


and B. VoSicki. i 
A sensitive manometer for rapid chemical reactions. By E. Rideal and A. J. B. | 


Robertson, 

A recording water velocity meter. By M. J. Wilkie. 

A simplified form of microwave interferometer for speed measurements. a 
G. W. G. Court. a 

A stress-strain machine for testing single crystals in alternating tension and com- 
pression. By M.S. Paterson. t 

An apparatus for measuring the visco-clastic properties of coal in the course of 
carbonization. By D. Fitzgerald. 


Laboratory and workshop notes 
The detection of the level of liquid sodium in stainless steel tubes. 
Pulsford. 
A circulation-system for 3He. By K. E. A. Effat and J. H. Fremlin. ; 
Heat treatment and sealing of metal electrodes into fragile glass bulbs under high {} 
vacuum, By N. Pentland, J. O’M. Bockris and E. Sheldon. =a 


NOTES AND NEWS 
Correspondence t 
A simple method of determining the shrinkage factor of nuclear research emulsions. <j 
From P. J. Duke, W. O. Lock, P. V. March and B. A. Munir. a 
The effect of the filter absorption edge in X-ray integrated intensity measurements. | 
From R. F. Braybrook. 
Device for use with a non-recording microphotometer. From G. L. Rogers. 
The preparation of thin bone sections. From S. M. Clark and J. Iball. : 
An aupreyes probe assembly for use with an electrolytic tank. From M. K. 7 
eston. S| 
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1 a beam of molecules or atoms is reflected from a surface, 
men specular reflexion will occur if 


hsinO@< xX 


fnere / is the average height of inequalities on the reflecting 
ruface, @ is the angle of incidence of the beam measured 
om the plane of the reflector, and A is the De Broglie wave- 
length of the particles in the beam. 

' Jn the case of a beam of molecules or atoms impinging on 
plane surface where / sin 0 > A, diffuse reflexion occurs. 
huch surfaces will be those in which the atoms, ions or 
molecules are in strong thermal agitation (i.e. the surface 
smperature is high) or where adsorbed gas layers are present, 
kr where the surface is macroscopically rough. If the reflector 
- macroscopically rough, the incident molecules or atoms 
will emerge from its hills and valleys in random directions. 
according to Knudsen,“) there is then an equal probability 
bf a reflected particle travelling in any direction away from 
he surface. Analytical consideration of this case gives rise 
> the Knudsen cosine law, conveniently put in the form 


dn dacos@ 
Tse nr al 


iyhere dn/n is the fraction of the molecules or atoms reflected 
nto a solid angle dw in a direction making an angle @ with 
ne normal to an element of the surface. 

| This law was first investigated experimentally by Wood?) 
Ind independently by Knudsen.©) Wood studied the re- 
flexion of mercury atoms and also cadmium atoms from 
Nolished glass. The experiments with mercury were only 
alitative but did indicate a general agreement with the 
losine law. The experiments on cadmium gave quantitative 
esults, because they included a photometric determination of 
i e reflected deposit on a receiver cooled with liquid air, 
Which showed that the cosine law was obeyed “‘within the 
irobable error of the experiment.” At about the same time 
i 915) Knudsen devised a very ingenious method of testing 
ihe cosine law for mercury reflected from glass. He con- 
dered a hollow sphere in which an element of the inner 
lirface was emitting a number of atoms per second. Appli- 
ation of the cosine law led simply to the result that the 
umber of atoms hitting unit area of the sphere per second 
lad the same value all over the sphere. From a gravimetric 
Wxamination of the distribution of deposited mercury, 
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ORIGINAL CONTRIBUTIONS 


The diffuse reflexion of silver atoms at a metallic target 
at high temperature 


By S. CHomet, M.Sc., and J. YARwoop, M.Sc., F.Inst.P., The Mathematics and Physics Department, 
The Polytechnic, W.1 


[Paper received 22 June, 1955] 


Experiments on the diffuse reflexion of metallic atoms at solid surfaces have hitherto been 

conducted only with mercury and the alkali metals, and at target temperatures not exceeding 

600° C. To study such reflexion at temperatures of about 1000° C, using silver atoms, a special 

type of atom “‘gun’’ has been constructed and an autoradiographic technique employed where 

the silver used was highly enriched with radioactive silver, }!°Ag. The measurements show mes 
Knudsen’s cosine law applies at these elevated temperatures. 


Knudsen concluded that the cosine law was obeyed within 
the limits of experimental error. 

In 1930, Taylor reported accurate experiments on the 
reflexion. of lithium, potassi1um and caesium atoms from 
the cleavage planes of crystals of rock salt and lithium 
fluoride. The temperatures of the evaporator crucibles were 
in the range 450 to 900° K, and the De Broglie wavelengths 
in the region of 0:2 to 0:07A. The reflected alkali metal 
atoms were detected by means of a surface ionization gauge. 
The Knudsen cosine law was found to apply for all angles 
of reflexion to the normal from 30 to 88° with an accuracy 
of 0:01°%. The only possible process by which this type of - 
reflexion could have occurred was by adsorption followed 
immediately by re-evaporation. 

To establish this last point experimentally, Cohen and 
Ellett©) used a magnetic velocity analyser to determine 
whether a beam of potassium atoms reflected diffusely from 
a crystal of magnesium oxide had a distribution of velocities 
characteristic of the source of the beam or of the magnesium 
oxide target. Definite evidence of the latter gave strong 
support to the postulated mechanism of adsorption and quick 
re-evaporation. 

In view of the importance of the techniques of the evapora- 
tion in vacuo of metals such as aluminium and silver, and 
because the experiments in verification of the cosine law 
have been confined, in the case of metal atoms, to mercury 
and the alkalis, with targets at temperature not exceeding 
about 600° C, the experiments to be described have been 
conducted using atomic beams of silver at temperatures of 
1000 and 1150° C with a molybdenum target at a temperature 
of 1100° C. 

The amount of silver reflected from the target was very 
small. The films of silver deposited on a cooled receiver 
were too thin for gravimetric or direct photometric assay; 
moreover detectors such as the surface ionization gauge 
cannot be readily used with silver, which has a higher first 
ionization potential than the alkali metals, and also condenses 
quickly on any solid surface at a temperature lower than 
that of the heated reflector target. The problem of detecting 
the small amounts of reflected silver deposited on the cooled 
receiver was therefore solved by using the radioactive isotope 
of silver, 1!°Ag. An autoradiographic method of measure- 
ment could then be used. Such methods have, in addition 
to high sensitivity, an additional advantage in that any 
material recorded must be from the original source of silver 
and cannot be due to any contamination. 
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THE PRODUCTION OF AN ATOMIC BEAM OF 
SILVER 


In the production of a molecular (or atomic) beam in 
which the distribution of energies is a known function of the 
temperature of the source, effusion conditions must be 
satisfied. This implies that the substance must be heated to 
a uniform temperature in a crucible which is closed except 
for an aperture through which the molecules emerge. 
Furthermore, the diameter of a circular aperture must be 
less than the mean free path of the evaporating molecules 
in the residual gas pressure prevailing so that inter-molecular 
collisions in the beam produced have only a small probability 
of occurrence. 

According to Saha, the mean free path of silver is given by 


pA = 10 cm (approximately) 


where p is the pressure in microns and A is the mean free 
path in centimetres. 

From Dushman,™ the vapour pressures of silver in the 
temperature region employed are: 


1184 
100 


1353 
1000 


Temperature (°C) 1047 
Vapour pressure (microns) 10 


It is seen that an effusion aperture diameter of 1 mm is 
just satisfactory if the temperature of the silver is not in 
excess of 1184° C, but that a diameter of 0-1 mm would be 
preferable. 

The use of aperture diameters of only 0-1 mm restricted 
severely the amount of silver available in the beam. The 
atom ‘‘gun’? used was therefore constructed in the form 


shown in Fig. 1. 


D 


H 
H 
; 
f 
Bs 


| 
N 
\ 


7. 


Production of an atomic beam of silver atoms in 
the region of 1000° C 


A, ceramic tube; B, carbon crucible; C, water-cooled heat 

shield; D, final aperture (1 mm diameter); £, intermediate 

aperture; F, tungsten wire heater; G, cylindrical steel block; 
H, thermocouple. 


Fig. 1. 


In the experiments it was essential to ensure a rigidly 
mounted evaporator crucible which was not moved or 
distorted on heating to temperatures in excess of 1000° C. 
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To achieve this, the silver was placed in a cylindrical crucible | 
of carbon (length: 24 mm; internal diameter: 3 -5 mm) which } 
was a close fit inside the upper half of a cylindrical ceramic | 
tube. This ceramic tube was then mounted vertically in the }) 
central hole of a heavy, cylindrical, chromium-plated steel § 
block (outside diameter of block: 8-5cm) a tight fit being | 
ensured, and a retaining steel ring being screwed in from the jj 
lower side of the block (Fig. 1). This steel block was then } 
positioned in the centre 'of the vacuum chamber over the () 
2 in. diameter hole cut in the base plate where the oil } 
diffusion pump was attached. Space around the base of the } 
steel block, and a series of holes drilled through its thickness, 
enabled a low impedance to gas flow from the chamber to | 
the pump to be maintained. ee) 
The electric heater was in the form of a tungsten wire 1 mm 
in diameter and 1 m long wound into a spiral closely round 
the outside of the ceramic tube. The free ends of this spiral ff 
were attached to steel terminals in the cylindrical steel block; | 
one of them was earthed to the block and base plate and the } 
other insulated by means of a small ceramic tube and mica } 
washers. These terminals were then connected by a number | 
of flexible copper strips to the main porcelain-insulated 9} 
terminals which were inserted into the base plate, using | 
O-rings for vacuum seals. Temperatures of the silver in the 1 
crucible of the order of 1000° C and above could then be’ 
maintained with currents of 15 to 20 A through the spiral. 
To prevent the considerable heat radiated from the crucible [ 
from raising the temperature of the glass walls of the vacuum if 
chamber, the crucible was surrounded by a heat shield in the 
form of a water-cooled, chromium-plated, steel jacket. 5 
Water cooling was found to be essential to prevent silver } 
atoms which left the crucible from being reflected from the 
inner surfaces of the heat shield. Such reflected atoms collided | 
with the beam emerging from the crucible and caused con- ff 
siderable departure from effusion conditions. With water } 
cooling, most of the silver impinging on the heat-shield was jj 
condensed. an 
To define a beam, two apertures were supported by the } 
heat shield, one intermediate aperture and a final top aperture 
of 1 mm diameter. ) 
The temperature of the heated silver was measured by a | 
calibrated platinum/13°% rhodium—platinum thermocouple of } 
which the junction was inserted into a small hole drilled in jj 
the base of the carbon crucible to give a very tight fit. 
In preliminary experiments on the definition of the atomic | 
beam of silver, a glass slide was mounted in the vacuum | 
chamber vertically above the final aperture of the “‘gun’”’ at | 
a distance of 10cm. If a carbon lid with a central + mm 
diameter hole was put on the carbon crucible it was found | 
that a spot of circular silver deposit about 1 mm in diameter } 
could be obtained after a run of 3 to 10 min, depending on | 
the temperature of the crucible. Subsequent experiments 
proved that the amount of silver available in such a beam | 
was inadequate, so the crucible lid with 4mm aperture was } 
omitted. The diameter of the silver spot obtained on the 
glass slide was then 5 mm approximately, and the sharpness | 
of its edges indicated that effusion conditions were being 
maintained. | 


THE VACUUM CHAMBER, THE REFLECTOR 
AND THE RECEIVER 


- The vacuum chamber was in the form of a Pyrex glass 
cylinder 12 in. in diameter and 12 in. in height. L-section 
gaskets to a steel base plate and to a steel top cover plate | 
ensured vacuum tightness and enabled a pressure of 10-5 mm: 
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‘ff mercury to be maintained by an oil diffusion pump and 
fnechanical rotary pump combination. 

| The reflector was in the form of a strip of molybdenum 
Jin. wide, 1-5in. long and 0-0022in. thick. This was 
hounied between steel clamps so that the reflector plane was 
it 60° to the horizontal (Fig. 2). Copper rods provided with 
‘ooling fins were screwed on to the steel rods to act as current 


Fig. 2. Clamp for molybdenum strip target 


A, steel; B, insulation; C, copper; D, rubber; E, top cover 
olate; F, one end of molybdenum strip clamped in slot at 60° 
to horizontal. 


| 
| 
fads on the air side of the plate, O-ring vacuum seals being 
sed. A current of 60 A. approximately through the moly- 
enum strip enabled it to be heated to a temperature of 
‘90°C, as determined by observation with an optical 
*»cometer through a central window in the cover lid. 

| By moving the top cover plate to the vacuum chamber, 
Hefore pumping commenced, the centre of the molybdenum 
rip reflector could be arranged to be vertically above the 
foal aperture of the atom “‘gun.’? Optical observation and 
in alinement mechanism were used to ensure accuracy in this 
spect. 

| After the beam was reflected from the heated strip, it was 
leceived on a glass plate (21:5 =< 16:5 cm) in a vertical plane. 
this plate was kept cool by placing it in intimate contact 


So 


Fig. 3. Water-cooled box for supporting flat glass plate 


A, glass plate clamped to this surface; B, copper box; 
C, arrangement for inlet and outlet of cooling water. 
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The diffuse reflexion of silver atoms at a metallic target at high temperature 


with the surface of a water-cooled, flat, copper box, let 
through a Wilson seal in the top cover plate (Fig. 3). The 
temperature of this box was !5° C, as recorded by a copper- 
constantan thermocouple. The shortest distance between 
the centre of the molybdenum reflector strip and the glass 
plate was 9:50 cm. 


AUTORADIOGRAPHIC METHOD OF MEASURING 
THE DEPOSITED SILVER 


The silver !!°Ag used was in the form of pieces of 1 mm 
diameter wire which had been irradiated in the Harwell pile 
for one week. The specific activity was then 320 microcuries 
per gram. Since !!°Ag has a half-life of 270 days, it is very 
convenient for this type of work. It emits B- and y-radiation, 
the energies being 8B: 0-087 MeV (58%); 0:53 MeV (35%); 
2°12 MeV (3%); 2:86 MeV (3%). y: 10 lines over the range 
from 0-166 to 1:516 MeV. 

The silver deposited on the cooled receiver plate after a 
run of some 7 hours was in the form of a thin film barely 
discernible by the naked eye. After removal from the vacuum 
chamber, this glass plate was placed with the silvered side in 
intimate contact with X-ray film (llfex film, by Ilford Ltd.), 
and wrapped in black paper. After an exposure of 14 days, 
the developed film gave minimum optical density readings of 
0:3. According to Yagoda,®) the blackening of the developed 
plate is very nearly proportional to the activity of the deposit, 
and hence to the mass of the radioactive silver, for densities 
above 0:3. 

The optical density was measured by a Baldwin densito- 
meter at equal intervals along the axis of symmetry of the 
plate (the vertical central axis for the plate when in the 
vacuum chamber). Readings were excellently reproducible. 
Davenport and Stevens®) report that the autoradiographic 
method compares well with methods using counters. 


THE GEOMETRY OF THE ARRANGEMENT OF 
SOURCE, REFLECTOR_AND RECEIVER 


To relate the observed optical density measurements to 
the reflexion conditions prevailing in the experiment, consider 
Fig. 4. 


final aperture 
of atom “gun’ 


cooled glass plate receiver 


Fig. 4. IUlustrating geometry of source, reflector and 
receiver 
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Suppose AO represents the incident vertical beam of silver 
atoms, and assume the cross-section of the beam is small. 
RR’ represents the heated reflector, i.e. the molybdenum strip, 
assumed to be perpendicular to the plane of the paper. 
Consider an element of area dS at B on the receiver plane 
PP’ (also perpendicular to paper plane) at a distance x below 
O’, where O is the centre of the reflector RR’ and OO’ is 
perpendicular to PP’. The angle that the reflector makes 
with the horizontal was kept at 60° in the experiments, 
i.e. angle O’OR was 60°. From O, a normal to RR’ is drawn 
to meet PP’ at N. Let the angle NOB be 0. 

If the Knudsen cosine law is obeyed, then the amount of 
silver reaching dS must be proportional to dw cos 8, where 
dw is the elementary solid angle subtended by dS at O. If 
OO’ =a, then the distribution of the silver along the line 
PP’ is such that the amount deposited on unit area around 
B is proportional to 


cos @ cos (8 + 30°) 


~ where OB =r. 
if 


But 72 = a? 4+ x2, 
cos (8 + 30°) = a/r 
1 y 
ands COs ¢ = la sec 30° + (x — a tan 30°) sin 30°] 


Therefore, after substitution, it is seen that the amount of 
silver per unit area at a distance x below O’ is proportional, 
for a fixed value of a, to 


(/3a + x(a + 2? 


RESULTS 


To determine whether the Knudsen cosine law applies, a 
theoretical curve derived from the above simplified expression 
was plotted. This was done by inserting a = 9-5 cm (the 
distance used in all the experiments) into this equation, and, 
for convenience only, the figures obtained were ‘“‘normalized”’ 
by multiplying them by a constant & such that 


k [aa es “| 7 


(a? + x?) 

This curve was then compared with the experimental 
results obtained, assuming the optical density of every point 
on the X-ray film (provided a correction is made for the 
unexposed film) is directly proportional to the mass of silver 
per unit area at the corresponding point on the glass plate. 
With the molybdenum strip reflector at 1100° C, and the 
crucible source of silver atoms at 1000° C, good agreement 
was obtained between the experimental curves and the 
theoretical one, except that the experimental curves were 
slightly narrower near the peak values than the theoretical 
curve (Fig. 5). This is probably due to the fact that the 
reflecting molybdenum strip expanded when heated between 
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rigidly fixed supports and was always slightly concave rather} 
than plane. 


Density of deposit(arbitrary units) 


16 


eee eae) 20 


Distance x (cm) 


Comparison of theoretical and experimental i 
curves ; 


Fig. 5. 


theoretical curve; 

© Xx A experimental points; 
molybdenum reflector at 1100° C; 
source of silver at 1000° C. 


The conclusion is that the Knudsen cosine law is correct® 
in the case of the reflexion of an atomic beam of silver atoms : 
with a temperature of 1000°C impinging at an angle of} 
incidence of 60° from the normal on a molybdenum target 
at 1100° C. I 
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"The circulations which occur as the result of relative oscil- 
latory motion between solids and fluids is a subject which 
as lately attracted considerable attention, as, for example, 
‘a the recent discussion on first and second viscosities.“ 

_ But Faraday’s experiments) on the movements of air 
»Dove a vibrating plate, as watched or recorded by means 
BE fine powders, are seldom referred to and observations 
pased on his method are our present concern. For although 
formation on the circulations around cylinders and spheres, 
disks and small reeds are more suitable for the theoretical 
evelopment of the subject, studies of vibrating plates, or 
slate-like bodies, are of interest in connexion with the 
eicreasingly iarge number of practical problems which arise 
Ender hydraulic loose-boundary conditions. 

| The theory which is discussed in the report mentioned 
eove derives largely from Rayleigh’s paper,@) in which is 
cluded a formal section diagram of circulation above a 
ribrating plate. The air, after leaving the surface at an 
;ntinode, proceeds towards the nodes on either side and 
feturns along the surface to the point from which it started. 
“his general circulation (compare Kundt’s tube) is quite 
uifferent from the sonic air vibration. Fig. 1(a) of the present 
aper, which shows the circulation below as well as above 
ihe plate, emphasizes that the diagram is only applicable to 
n interior vibrating segment. In practice, there are usually 
\lso edge effects to be considered, as suggested by the section 
Wiagram of Fig. 1(6). 


|OWDERS AS INDICATORS OF THE CIRCULATION 
| AND OF THE SURFACE STREAMING 
Distinction must be made between powders which may be 
sed to observe the circulations of air and those which are 
itable for obtaining a permanent record of the surface 
‘itreaming. 

| Any of Faraday’s ‘“‘fine’? powders, and many others, have 
een found suitable for the first purpose. A fine powder, for 
se with Chladni plates, may be defined as one in which the 
teak diameter of the particles is not far removed from the 
allest sieve sizes, say about 55 uw. The fineness which is 
esirable increases with the frequency, but.in the case of 
owders deemed “‘light,’ which term includes such pro- 
erties as the shape, porosity and surface texture of the 
articles, in addition to the density of the solid matter, the 
iineness may be reduced without loss of efficiency. (We may 
ote that since no two powders behave exactly in the same 
yay above a vibrating plate, these circulation experiments 
\rovide a possibly useful method of studying the properties 
f powders; this is now being investigated.) _ 


E Formerly at Royal Free Hospital School of Medicine, London. 
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Air circulations about a vibrating plate 
By Mary D. WALLER, Ph.D., F.Inst.P.,* London 
[Paper received 10 June, 1955] 


Fine powders are employed, as in Faraday’s experiments, to observe the air circulations above 

a vibrating plate. The surface streaming, which occurs away from nodal lines and also inwards 

from the edges, is recorded by means of a mixed heterogeneous powder. 

from the side edges of a bar give rise to four circulations; compare results of other experiments 

in which there is relative oscillatory motion between a solid, e.g. a cylinder or reed, and a fluid. 

The senses of these circulations are, in the present instance, the same as those of Andrade’s 
four-fold smoke vortices. 


Surface streamings 


During the vibration a suitable powder forms a large 
revolving cloud with the air in each of the segments of the 
plate, the sense of which is in accordance with Fig. 1. 
Though gravity effects on the powder movements must not 
be ignored, it is generally clear that the distance which the 


—_—_> rae 
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Fig. 1. (@) Circulations associated with one interior 


segment of a vibrating plate. (b) Surface edge streaming 


Fig. 2. Vertical section, illustrating streaming from 
sides but not from ends or nodes of a vibrating bar 


air moves away from the surface is less than its travel in 
horizontal directions. Compare ‘quartz wind’ which, 
formed at ultrasonic frequencies, is characterized by the 
streaming away from the surface. 

As the vibration dies away the cloud diminishes in size; 
but it is noteworthy that final concentration into one or 
several or many small “humps” is occasioned by secondary 
reactions between the powder particles which would not 
exist on the bare plate. [This phenomenon, discernible in 
Fig. 4 (p. 350), is now receiving separate attention. ] 

For purposes of recording surface streaming the powder 
must be chosen much more carefully. Faraday’s drawings 
illustrate the use of lycopodium spores, used also for the 
figure just mentioned, which are spheres about 20 in 
diameter. Heterogeneous fine powders of medium density, 
the particles of which are of irregular shapes, tend to move 
more sluggishly along the surface and to leave more notice- 
able tracks than a uniform powder. The present author has 
used heavy powders mentioned by Faraday, including 
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stannic oxide (which is white and excellent for photographic 
purposes) and iron, but has adopted fine sand or silt (which 
can be collected at various peak fineness in any quantity at 
river estuaries) in preference to his powdered glass and 
silica. Portland cement, Gregory powder, and cork filings 
(which may be coarser) are among the other powders which 
have also been found useful. Best of all are powder mixtures 
which contain a considerable amount of dust in the sub- 
sieving range. Of these, dust from bomb explosions has 
proved superior to anything else so far tried. Records 
obtained with it (after removal of larger particles with suitable 
sieves) are to be seen in Figs. 3 and 5 (p. 350). 


SURFACE STREAMING FROM NODAL LINES AND 


FROM EDGES 


Fig. 3 shows surface streaming towards an interior point 
on the antinodal diameter of one of the four quadrants of a 
circular brass plate which was supported centrally and 
which, when excited by bowing, vibrated at 180 c/s. It will 
be observed that the streaming occurs inwards from the 
periphery, which includes the vibration of greatest amplitude, 
as well as away from the two nodal diameters. 

The magnitude of the hydrodynamic forces involved at 
the periphery may be appreciated by repeating the experiment 
in which Faraday removed powder from the straight edge of 
a stationary surface on to a vibrating square plate, one side 
of which was situated parallel and near to it. 

On narrower plates the edge streaming becomes even more 
prominent and the powder pattern then bears very little 
relation to the antinodal lines (referred to as “‘loops”’ in 
Rayleigh’s paper). See, for instance, the rectangles of Fig. 4 
(p. 350) where the two bands of unmoved lycopodium denote 
the two nodal lines of the 2|0 mode for which the ends and 
shorter median are antinodal. See also Fig. 5 which includes 
the central and part of the right-hand side of a 6 x 1 rect- 
angular plate (3|1 mode, 330 c/s) 


Plastic flow in coal 
By P. C. Newman, M.A., A.Inst.P.,* National Coal Board, Central Research Establishment, Stoke Orchard, Glos. 
[Paper first received 25 February, and in final form 29 April, 1955] 
During briquetting of coal, conditions favourable to plastic flow may be developed by the 


non-uniform stress system. Photographs of particles of coal removed intact from both rock 
salt and coal briquettes show that plastic flow has occurred at moderate briquetting pressures. 


Much work has been done on the induction of plastic 
behaviour in materials which are normally considered brittle. 
Bridgman“) has observed extensive plastic flow in corundum, 
rock salt and other materials, in the presence of very high 
pressures, applied hydrostatically. King and Tabor®) have 
shown plastic flow of rock salt during Vickers pyramid 
hardness testing, whilst the use of potassium bromide for 
infra-red spectroscopy’) depends on developing plastic pro- 
perties in the material. Some results are now reported on 
inducing and observing extensive plastic flow in coal, which 
depends, like the above results, on the superposition of 
hydrostatic pressure on a non-uniform stress pattern. 

Coal can be classed as a brittle material, being unable to 


* Now at Mullard Research Laboratories, Salfords, Surrey. 
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Waller 


COMPARISON WITH OTHER CIRCULATION 
EXPERIMENTS 


{ 
| 

We may end this paper by pointing out the connexior | 
between the present observations and those of othe) 
“circulation” experiments in which there are not (as if}, 
Kundt’s dust tube or in most quartz wind experiments) any} 
fixed boundaries. | 

Consider the case of'a very narrow rectangle, in fact qf 
free-free bar, which vibrates as in Fig. 4 (see legend). Ther} 
the vibration of the portion between one end and the neares) 
nodal line is similar to that of a free-fixed bar, which, if itt) 
dimensions are greatly reduced, becomes comparable to the) 
vibrating reed of West’s) or of Ghabrial and Richardson’s | 
experiments. A vertical section through the powder con} 
centration, at right angles to the length, includes the streaming/p 
from the two side edges, but not that from the free end of 
the nodal line (see Fig. 2). The senses of the four circulations) 
shown will be recognized as being the same as those of West’) 
four outer smoke vortices (compare also Skogen™), i.e. the) 
same as in Andrade’s‘?) and Schlichting’s®) well-knowr( 
photographic records of fourfold fluid vortices. 
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suffer any permanent deformation without failure, wher 
tested on a large scale in the normal manner. However} 
plastic flow of micron-sized particles has been observed‘) 
which leads one to expect a similar result on a larger scak 
under suitable conditions. The work reported here was 
carried out as an aid to understanding the processes occurring 
during the briquetting of coal, and this determined th« 
techniques that were used. 
During the formation of a briquette, any one particle o 
coal is stressed by the forces applied to it by its neighbours 
It is generally legitimate to consider these stresses to consis'| 
of a hydrostatic pressure (equal to the mean normal stresi| 
along the axis of the briquetting plunger) to which are addec’ 
particular non-uniform stresses. The calculation of thes«| 
non-uniform stresses in one particle can not be attempted 
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unless the shapes and positions of its neighbours are known. 
However, due to the angularity of coal particles, it can be 
seen that some very high stresses may be developed. 

A briquette, then, forms a system in which plastic flow of 
the normally brittle coal material may be expected to occur. 
In order better to observe any plastic deformation which 
might occur, a very few pieces of coal may be included in a 
briquette made from a transparent substance having about the 
same hardness as coal. If the substance is also easily soluble 
in a liquid which does not attack coal, the investigation is 
made simpler. This combination of requirements points to 
one of the alkali halides as the most suitable briquetting 
material. 

Rock salt briquettes were made containing a few pieces of 
Windsor (301) or Sherwood (702) coal (—30 + 36 B.S.S., 
i.e. of about 0-5 mm size). Rock salt was chosen as the best 


(a) 


(a) Before briquetting. (6) Briquetted in rock salt at 10-85 kg/cm2. 


compromise between salts that were softer than coal and 
easily gave transparent briquettes, such as potassium bromide, 
and those that were harder, but gave opaque briquettes, such 
as calcium chloride. However, it was not possible easily to 
distinguish the shape of the coal particles while still in the 
briquette, so the rock salt was dissolved in warm water and 
the coal particles washed in ethyl alcohol (the effects of ethyl 
alcohol are described below). 

The evidence for plastic deformation is most convincingly 
presented in a three-dimensional display; in stereographic 
projection, for instance, the characteristic cavities in the coal 
are clearly seen, sometimes close together so that they are 
separated by thin vertical walls, and sometimes the coal is 
pierced through. In a two-dimensional display the best 
evidence is to be seen in the silhouette. In the figure, particles 
of Windsor coal about 0-5 mm in size are shown, the pro- 
jection system being selected to give a large depth of focus. 
Parts (5) and (c) of the figure show coal after being briquetted 
in rock salt at 10-85 and 1-55 x 103kg/cm2 respectively. 
It may be seen that the right-hand end of the particle in 
part (b) has been deformed into a broad curved tail, viewed 
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edge-on in the photograph, and part (c) shows the cratered 
silhouette typical of particles after briquetting. A typical 
particle before briquetting is shown in part (a) for comparison. 

Since these particles were briquetted individually in salt, 
and were found to be coherent afterwards, it is supposed 
that the deformation was produced by plastic deformation, 
and not by shattering followed by agglomeration. 

Some briquettes were also made of —30 B.S.S. coal at 
1-55 x 103 kg/cm? with no binder, and subsequently dis- 
integrated in ethyl alcohol. This disintegration occurs with 
many organic liquids and appears to separate each individual 
coal particle. The +60 B.S.S. fraction (i.e. those particles 
above 0°25mm in size) from the disintegrated briquette 
showed the same evidence of plastic deformation as the 
particles from the rock salt briquettes, in a substantial 
proportion of the particles. 


(b) (c) 


0-5 mm particles of Windsor coal 


(c) Briquetted in rock salt at 1-55 kg/cm2. 


It is clear from this evidence that a high degree of plastic 
flow occurs in any coal briquetting process, even at relatively 
low pressures. 
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Air circulations about a vibrating plate 
By M. D. WALLER, Ph.D., F.Inst.P. 


See pages 347-348 


Fig. 3. Surface streaming from two nodal 
diameters and edge in one quadrant of a 
circular plate, 180 c/s (x0°-5) 


Fig. 4. Surface streaming on rectangular 
lates, 2|0 2 i 
plates, 2|0 mode, 280 and 370 c/s respectively A N A N A 


Fig. 5. Part of 6 <x 1 rectangular plate, | 
3|1 mode, 330 c/s (0-24) } 
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1. INTRODUCTION 


| Many routine laboratory measurements employ optical 
‘instruments that depend for their operation upon the inter- 
| ference of two coherent light waves. The interference fringes 
|formed in monochromatic light are indistinguishable one 
from another and, consequently, it is not normally possible 
to tell through how many orders the fringe system has been 
displaced when the phase difference between the two beams 


}is suddenly altered. It is therefore customary to use white 
| aight in order to identify the zero-order fringe. This method 
is, however, uncertain, because the zero-order fringe will 
: coincide with the position of strict achromatism only when 
t the optical paths of the two beams have the same wavelength 
; dispersion. This condition is not usually satisfied and there 
- is thus a possibility of introducing an error. This was recog- 
% uized by Airy) as early as 1833 and has since been appreciated 
‘ by users of Jamin and Rayleigh interference refractometers. 
' The general occurrence of this phenomenon has not, however, 
! been fully realized. The first part of this paper, therefore, 
i deals with the problem as presented by the interference 
i refractometer, and the second part shows how this same 
} treatment can be applied to other interference apparatus; 
particular reference is made to the Babinet compensator and 
| to the Baker interference microscope. 


2. INTERFERENCE REFRACTOMETERS 


To this class of instrument belong the Jamin and the 
| Rayleigh-Haber-Lowe interferometers, in which a single 
| light beam is split into two spatially separated beams repre- 
| sented in Fig. 1(@) by the wavefronts W, and W,. One beam 
| passes through a cell containing the medium under examina- 
‘ tion, whilst the other passes through an identical cell contain- 
i ing the comparison medium. The two beams are then 
|| re-united so as to form a fringe system. 

When the cells contain identical media, the compensator 
| is adjusted until the zero-order achromatic fringe seen in 
| white light coincides with the centre of the field of view. 
| (In the Rayleigh interferometer, the centre is defined by the 
t achromatic fringe of a fiduciary system formed by the inter- 
| ference of two beams originating from the slits S; and S 
| but passing below the cells and the compensator plates.) If 
' the index of the medium in one of the cells is then altered, 
! the fringe system will undergo a displacement, and the 
compensator is therefore adjusted until an achromatic fringe 
| is once again seen at the centre of the field of view. Un- 
| fortunately, this adjustment does not provide an unambiguous 
| measurement of the displacement of the zero-order fringe. 
| The reason for this is that the wavelength dispersion of the 
) path difference introduced by the compensator is not usually 
/ the same as the dispersion of the path difference introduced 
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The determination of the order of interference in white light 


By R. C. Faust, M.Sc., Ph.D., A.Inst.P., and H. J. MarRINAN, B.Sc., Ph.D., The British Rayon 
Research Association, Manchester 


[Paper first received 3 June, and in final form 14 July, 1955] 


The achromatic fringe observed in white light does not necessarily correspond to the position 
of zero path difference, the reason being that the optical paths of the two interfering beams do 
not usually have the same wavelength dispersion. A general theory of this effect is presented, 
and it is shown how it can be applied to a Rayleigh interference refractometer, a Babinet 
compensator, and an interference microscope. 


ype. Experimental verification of these predictions 
is given. 


by the two cells, and the achromatic fringe need not, there- 
fore, necessarily coincide with the zero-order one. 

A search of the literature suggests that Siertsema,@) in 
1890, was the first to observe the difference between the 
positions of the zero-order and achromatic fringes in this 


type of interferometer. Hallwachs@) later made some 
WW, Lo W MW, bale L 
\ ; f / | 
ceo Marites eameaecararen| 3 (0 
Ovens) ; : | | 0 
/ x / He Vi \ S 
Wo4/+ W2 W> 
G (a) 
Fig. l(a). Rayleigh refractometer (plan view) 


S, slit source; S;, S2, parallel slits; 4, Mo, identical cells; 

L;, L2, spherical lenses; F, focal plane of L2; C, tilting com- 

pensator; L3, cylindrical viewing lens; W’, incident wavefront; 
W,, W2, wavefronts arising at $1, So. 


‘3 Ww, Wo Wy wy Lie Pere eee 

an a oe \ 
wn ieee dak eS aniEN S 
ie \ 6 ° H a S 2 
He 4 ‘. } ° N 
Ieee \*o ths ‘ 

WoW, W 

(b) an 
Fig. 1(6). Babinet compensator 


S, source; Li, collimating lens; P, polarizer; O, object; L2, 

objective; F, back focal plane of L2; C, quartz wedge com- 

pensator; L3, eyepiece; W, incident wavefront; Wi, W2, wave- 
fronts leaving the object. 


independent observations from which he was able to calculate 
the dispersion of the refractive index difference between the 
liquids in the two cells. Since these early experiments 
numerous workers have encountered this “jumping” of the 
position of the achromatic fringe. 

The first mathematical treatment was by Adams, but it 
unfortunately suffers from obscure reasoning and un- 
warranted assumptions. Although a satisfactory theory was 
later presented by Clack, the equations were expressed in 
a form especially suitable for a Rayleigh interferometer with 
a tilting plate compensator, and in this way the general 
application to other forms of interference equipment was 
lost. The relevant equations are therefore derived for an 
interference refractometer with an arbitrary type of 
compensator. 
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Theory. Ata distance X from the centre of the field of 
view, the phase difference between the two interfering beams 
is 


$ = (2n/AqX — P) (1) 


Here q is an instrumental constant, P is the excess of path 2 
over path 1 in passing through the cells and the compensator, 
and A is the vacuum wavelength of the light. The experiment 
begins with identical media in the two cells and with equal 
compensator thicknesses in the two beams (i.e. P= 0). 
The zero-order fringe, defined by the condition gd = 0, is 
then found at Y = 0. Since this is true for all wavelengths, 
the zero-order fringe is achromatic. The refractive index of 
the medium in one of the cells is then changed, whereupon 
the zero-order fringe for wavelength A is displaced to the 
point X; given by the expression 


qX;, = Nir = (U2 


feyl (2) 


where / is the cell length, and y4,, 42 are the appropriate 
refractive indices of the media in the two cells. Ideally one 
would like to rotate the compensator drum until the zero- 
order fringe is again brought to the centre of the field of 
view; the drum reading, calibrated in terms of the wave- 
length A, would then indicate a fringe displacement of NM) 
orders as defined by equation (2). In general, however, one 
can only bring the achromatic fringe to the centre; the drum 
reading then indicates a fringe displacement of N4 orders for 
the wavelength A. 

A point in the fringe system may be regarded as achromatic 
provided that d¢/dA = 0 for some wavelength near the 
centre of the visible spectrum. (In the calculations below 
the sodium D line is selected, but the best choice of wave- 
length will depend upon the nature of the white-light source 
and the spectral sensitivity of the eye.) From equation (1) 
the co-ordinate X, of the achromatic point is then found to 
be given by 

GX oP AR: (3) 


where the dash notation denotes differentiation with respect 
to the wavelength. The achromatic position will therefore 
coincide with the centre of the field when P = AP’. Under 
these conditions the zero-order fringe will have the co-ordinate 
Xo determined by 

Gio =P = AP (4) 


Consequently the desired fringe displacement, Nj, is related 
to the measured one, N4, by the expression 


N, —N,= P/A= FP’ (5) 
The path difference P has the value 
P= Coli Pp (6) 


where p is the excess optical thickness of the compensator in 
beam 1. The expression for p depends upon whether the 
non-tilting or the tilting type of compensator is under dis- 
cussion.” The first type consists of a fixed plate in one 
beam and a plate of variable thickness (two opposing wedges) 
in the other; the light usually falls upon the plates at normal 
incidence. The expression for p is then 


DP = (Mg — Bs)t (7) 


where ¢ is the excess thickness of compensator in beam 1, 
Mg is the refractive index of the compensator glass and ps 
that of the atmospheric surroundings. In the second class 
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one or both of two equally thick plates can be so tilted as to 
alter the angle @ between the light beam and the normal toy 
the plate. In this case p is dependent upon the angles 0) 
and 0, of the two plates as well as upon the refractive indices} 
of the compensator glass and of its surroundings. Equation} 
(7) will represent the action of this compensator provided} 
that the symbols are redefined: the excess thickness f¢ is equal 
to the actual thickness of the compensator plates, and thej 
effective refractive index difference (j4g — fs) is a functiony 
of the angles 6, and @. a) 

One can now calculate from equations (3), (6) and (7) the 
compensator thickness t4 required in order to bring the 
achromatic position of the interference pattern back to thei 
centre of the field. The result is | 


Hs) | 
= [uz — wy) — Mey — wD] OF 


the dash notation still signifying differentiation with respect 
to wavelength. It is thus seen that the achromatic position} 
will lie at the centre of the field provided that the two inter-j} 
fering beams travel paths of equal “optical thickness,” the} 
“optical thickness” being here calculated from the group it 
refractive indices®) and not from the phase indices (wg — Ms)! 
and (42 — [). 

Substitution of the above value of t,4 in equations (5), (6). 
and (7) leads to 


tal(ug — Hs) — eG 


Ny — Ng = P/A = I(u2 — By) 
¢ / fe tu , 7 =i! 
E Se De tee Gece = E He =. =) (9) j 
Hor Miele ars Mees is j 


This gives the difference between the positions of the zero- | 
order fringe, and the achromatic fringe in terms of the optical { 
properties of the compensator and the liquids. By employing 
the Cauchy dispersion formula [1 = a + (6/A2)] one can 
obtain an equation from which the differential coefficients | 
have been eliminated, namely 


ON, ee 
N,—N4g= ca = T*) 
27 222 ce . 
[ a roe oe a | (10) | 


Here 7 is the relative dispersion of the refractive index } 
difference (41. — ,) of the media in the two cells; that is 


pee (M2 — Mr — (2 — Bde 
(M2 — bya ag 


(ug — ts). If A is the sodium D line equation (10) becomes } 
Ny — Ng = —3-0LNp(r — 7*)0 + 3-017*)-* ae 


If + and 7* were equal, then (N, — N4) would vanish and 
the achromatic fringe would also be the zero-order one. 
Different pairs of liquids do, however, possess such widely 
differing values of 7 that it is not possible to design a com- 
pensator that will always fulfil the condition 7 = 7*. 
Because of these difficulties Geffcken and Kruis®) have 
dispensed with the use of white light. They have shown 
that it is possible to determine in monochromatic light the 
order of interference for a short (1 cm) cell provided that the - 
cell can be gradually inclined relative to the incident light | 
beam. This information permits them to predict the inter- | 
ference order for a longer ceil; the prediction is then used — 
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jas a guide for the accurate experimental determination of 
\this order. The method allows one to employ interference 
}over several thousand orders, thereby greatly increasing the 
i accuracy of the measured refractive index difference (2 — py). 
| Application. The isotopic exchange reaction between 
deuterium oxide and the hydroxyl groups of cellulose, 


3D,0 + 2R(OH); = 2R(OD), + 3H,0 


has been used to estimate the accessibility to water of various 
forms of cellulose.“9.!!) In these experiments the amount 
of H,O in the D,O after deuteration was measured by a 
density method, but Crist, Murphy and Urey“2) have shown 
that the Rayleigh refractometer can be used to estimate the 
amount of H,O in water-heavy water mixtures with a precision 
equal to that obtainable with careful pycnometer methods. 
I Accordingly the Rayleigh refractometer has been used in 
i these laboratories. (3) 

To calibrate the refractometer D,O was placed in both cells 
'and the compensator adjusted so that the achromatic fringe 
was coincident with the achromatic fringe of the fiduciary 
system. Under these conditions the achromatic fringe was 
falso the zero-order fringe. H ,O was then slowly added to 
j one of the cells and at the same time the zero-order fringe 
was kept central by turning the compensator. With increasing 
‘concentration of HO, the zero-order fringe gradually became 
;coloured and an adjacent one became achromatic. Setting 
:on this latter fringe would therefore have produced an error 
: of one fringe in the zero-order shift. Further “fringe jumps” 
i were observed as the concentration of H,O was gradually 
mereased. At each concentration readings were taken of the 
.zero-order and the achromatic fringe positions, the results 
being shown in Fig. 2. 


Na (obs) (drum divisions) 


5O 100 ISO 
Nob (obs) drum divisions) 


200 


Fig. 2. Relationship between N,(obs.) and N,(obs.) 
for D,O, H,O mixtures 


From equation (12) it can be seen that in theory a plot of 
\N4 against N, would produce a straight line, such as the 
dotted one in Fig. 2, provided that both 7 and 7* are in- 
idependent of Nj. In practice, however, a regular series of 
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straight lines of equal slope were obtained. These dis- 
continuities arose because, although the true achromatic 
position did not usually coincide with a fringe, the observer 
considered the achromatic position to be determined by the 
most nearly achromatic fringe; when it was impossible to 
decide which of the two fringes was the least coloured, two 
readings were possible, e.g. region ab of Fig. 2. Since these 
discontinuities occurred approximately every three fringes, 
neglect of the “fringe jumping” would have led to appreciable 
errors. : 

From the linear form of Fig. 2 it must be concluded that 
(+ — 7*) was constant over the concentration range covered 
experimentally (0 — 2° H,O). The measurements described 
above were carried out on a refractometer built by A. Hilger 
Ltd. This instrument incorporates a tilting plate compensator 
for which 7* is a function of the angles 6, and 95, and there- 
fore of the order Nj. However, the maximum rotation of 
the compensator during these measurements was only 2°, 
and calculations have shown that the resultant variation of 
T* was sufficiently small (about 1%) for 7* to be considered 
a constant of value 0-0080. Consequently 7 itself can be 
regarded as constant. A constant value of 7 is to be expected 
because one can reasonably assume that D,O, H,0 mixtures 
obey the Gladstone—Dale refractivity addition formula 


Vie = 1) = Vita — 1) + Velug — 1) (13) 
and the volume addition formula 
V=VetVo (14) 
Under such conditions the value of 7 is given by 
7 Ho = Pele — Ya = Bee (15) 
(Ga a): 


and is hence independent of the’ volume ratio V,,/ Ve of the 
components. 

It is now possible to use Fig. 2 and the known value of 
7* in order to calculate + from equation (12); this gives 
7 = 0-131. In the experiment quoted above an excess of 
D,O was present and this would react with the H,0 as follows 


D,0 + H,0 -> 2HDO 


Thus, the calculated value of 7 is, in fact, that for a D,O, 
HDO mixture. However, if it is assumed that the refractive 
index and dispersion of HDO lie midway between those of 
H,0 and D,0O, this value of 7 is also that for a D,0, H,O0 
mixture. This assumption was made in order to calculate 
the dispersion of D,O from the known dispersion of H,O, 
and a value of 0-0053, was found. 


3. BIREFRINGENCE MEASUREMENTS 


Fig. 1(6) illustrates the usual optical arrangement for the 
determination of the birefringence of a specimen. The 
birefringent compensator is so placed that its fast direction 
is parallel to the slow direction of the specimen, the latter 
being at 45° to the polarizer direction. The two beams 
(W,, W2) leaving the specimen are distinguished by their 
states of polarization and not necessarily, as in the Rayleigh 
refractometer, by any spatial separation. The resultant 
interference pattern, viewed on a plane conjugate to the 
specimen plane, is formed by components of these beams 
transmitted through an analyser. 

It is possible to apply the equations of Section 2 to the 
present problem simply by redefining the terms: (M2 — py) 


BRITISH JOURNAL OF APPLIED PHYSICS 


R. C. Faust and H. J. Marrinan 


is now the birefringence Ay of the specimen, and (ug — }s) 
is the effective birefringence Aj* of the compensator. [As 
with the refractometer there are tilting (e.g. Berek) and non- 
tilting (e.g. Babinet) compensators.] Equations (10), (11) 
and (12) are now applicable provided it is understood that 
+ and r* are now the relative dispersions of birefringence for 
the specimen and the compensator; that is, with sodium D 
radiation += (Aw; — Apud/Apup, which is the relative 
dispersion of birefringence as introduced by Ehringhaus.(“'® 

The achromatic position and the zero-order fringe will not 
coincide unless t = 7*, a condition which is not usually 
fulfilled. There are, however, few references in the literature 
to observations of “fringe jumping” with birefringent com- 
pensators. The probable reason is that the majority of 
specimens examined under the microscope are thin and the 
order of interference Nj is accordingly small. Nowadays, 
however, the laboratory worker in the macromolecular field 
is presented with large diameter fibres or thick plastic sheets 
prepared from materials of relatively high birefringence 
(e.g. rayon 0:03, Nylon 0:06, Terylene 0-2), and “fringe 
jumping” is much more likely to be encountered. 

The use of a compensator of the same material as that 
under study will not always eliminate this “jumping.” This 
is particularly well illustrated by the work of Savur“S) who 
was studying the birefringence of a strip of celluloid as a 
function of the strain. He realized that the use of white 
light with a quartz Babinet compensator would not yield a 
reliable figure for the order of interference. A compensator 
was therefore constructed by bending a bar of celluloid: a 
neutral line thus separated a region of compression from 
one of tension and, in consequence, one region of the bar was 
negatively, the other positively birefringent. When the 
elongated strip of celluloid was examined with this com- 
pensator, the position of the achromatic fringe indicated a 
negative birefringence for the strip, whereas independent 
observations had shown conclusively’ that the strip was of 
positive birefringence. Further experiments revealed the 
cause of this behaviour: the dispersion of birefringence of 
the celluloid was extremely strain sensitive and became 
anomalous when the strain exceeded the elastic limit. 

Application. In many laboratories the determination of 
the birefringence of fibres is a routine operation, and it is 
therefore important to know whether or not the value of 7 
for a given material is independent of the birefringence. 
(The striking behaviour of celluloid is attributable to the 
camphor content.(61!8)) Table 1 shows the results obtained 


Table 1. Examples of “‘fringe jumping” in the Babinet 
compensator 

Awp m9 Na|(Np-Na) Na (Np-Na) Np 
(obs.) (calc.) (obs.) 

0-0035 0-0215 46-1 6:7 Onl 6:7 

0-0065 0-0206 41-2 11°3 0:3 13 

0:0124 0-0188 32°] > OL ee 0:6 19-3 

0:0171 0-0168 23-2 23°] 0:8 24:7 

0-0238 0-0160 26-5 29-1 1 30:1 
. . . Baud: . . 

0-0308 0-0146 ESAS OV 36-2 1:'5 37:2 


on a series of viscose rayon model filaments of different 
degrees of stretch. In the first column is given the bire- 
fringence at the sodium D line. The second column shows 
the corresponding 7-value obtained from a spectroscopic 
analysis of the interference colours; the absolute error in + 
does not exceed -++ 0:0006 and is generally much less. 
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From the International Critical Tables 7* for crystalline § 
quartz was found to be 0:0292. Equation (12) was then ! 
used in order to calculate the value of N4/(Np — N. 4) that f 
applies to the examination of these fibres under a quartz § 
Babinet compensator. This value, given in column 3, | 
represents the order Ny that will correspond to (Np — Nya) 
equal to unity. In order to check this conclusion a fibre 
was viewed under a Babinet compensator (supplemented with 
quartz retardation plates)' and the order of the achromatic 
fringe was measured on the fibre axis (column 4). From §f 
this information the difference (Np — N4) was calculated 
(column 5). Furthermore, the true order Np was determined | 
unambiguously by means of a non-compensator method Jt 
(column 6). It will be seen that these observations are tt 
consistent with the calculations; when, as in the third and 
final rows, (Np — N4) is approximately 0:5 or 1-5, either 9 
of two fringes can be regarded as the achromatic one. 

With cellulose fibres the birefringence is positive (i.e. Np 
is positive) and 7 < 7*; consequently (Np — N. 4) is also 
positive. If, however, one has a positively birefringent fibre } 
for which t > 7*, then (Vp — Ny) will be negative and the # 
achromatic fringe will move towards higher, not lower, 
orders. An example of this is provided by a well stretched & 
fibre of Nylon 610 (App = 0-0528, 7 = 0:0335). A much § 
more striking illustration of the same phenomenon is observed 
when rubber is stretched, a “fringe jump’’ occurring every | 
time the retardation Np is increased by six orders“); from } 
this it is concluded that tT ~ 0-09. q 

Finally it should be mentioned that, when form bire- § 
fringence is present, the dispersion of birefringence can be 
unusually large,@% and the achromatic fringe might “jump” } 
a whole order even though the retardation of the specimen | 
be small. 


4. INTERFERENCE MICROSCOPES 


Interference microscopy, of which there are two classes, # 
two-beam and multiple-beam, is now widely used for the | 
examination of a wide field of objects, including textile fibres § 
and living cells. The zero-order fringe is, however, not 
normally encountered in multiple-beam interferometry. Our 
interest is, therefore, confined to the two-beam type, in which § 
the incident light is split into two beams, one of which passes 4 
through the object and the other through a reference medium. } 
An early instrument of this type was the Linnik interfero- } 
meter, which was in essence a Michelson interferometer with 
paired objectives, one in each beam. In recent designs of 1 
interference microscopes only one condenser and one objective © 
are used. The incident beam is divided into two beams 
sheared relative to one another; one beam traverses the 
object, the other by-passes it, after which they are recombined 
in the objective so as to produce interference effects. In the 
Cooke, Troughton and Simm interference microscope?” the | 
compensator is a glass wedge, whereas in the Baker micro- 
scope?) the two beams are polarized at right angles to one 
another and a quartz wedge, followed by an analyser, can 
be used as compensator. (The use of polarized light means | 
that a shearing of the two beams is not essential, and a | 
double-focus mode of operation has been introduced.) 

Application. In order to show how the theory of Section 2 | 
can be applied, a determination was made of the path 
difference introduced by a specimen immersed in a liquid. } 
Two different liquids were used, their optical properties 4 
(denoted by the suffix 1) being given in the first two columns | 
of Table 2. The properties of the specimen, a glass fibre of © 
0-052 mm diameter, are given in the next two columns under — 
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he suffix 2. In the fifth column are the corresponding 7-values 
i alculated from equation (11) for the sodium D line. The 
Hmmersed fibre was examined under a Baker interference 
icroscope to which was attached a quartz Babinet com- 
pensator (7* = 0:0292). The position of the achromatic 
lringe on the fibre axis was observed (column 6) and from this 
|Ea p — N4) was calculated (column 7). It was easy to 
Hletermine in sodium yellow light the correct order N p on 
the fibre axis, and comparison of columns 6, 7 and 8 reveals 
z satisfactory agreement between calculated and observed 
Walues. It will also be seen how, even for low orders of 
}\nterference, an extremely large error can occur if white light 
s used. 


Table 2. Examples of “fringe jumping” in the Baker 
| interference microscope 


} 
i 


RK (undo (de(uide (udm (udr(urde a Nix (Np-Na4) Np 
(obs.) (calc.)  (obs.) 
--5610 00-0192 O6345 SD Sn 
] or or 
| —4:-7 2-9 
1:5416 0-0065 
| 5311 0-0151 —0:818 —1:1 1-9 0-9 


| One of the fringe patterns seen in white light has been 
Heproduced schematically in Fig. 3. The instrumental 
xTrangement resulted in the extinction of light of any wave- 
yength for which the order of interference was integral. The 
Eolid curves in Fig. 3 therefore correspond to regions of the 
Foecimen that appeared reddish in colour and the dotted 


rerves to regions appearing blue-green. In Section 2 it was 


| | | +IR 
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Fig. 3. The white light fringe pattern of an immersed 

fibre as seen in the interference microscope. On the fibre 
axis the order in sodium D light is Ny = — 1-7 

locus in blue of a fringe of given order. 

locus in red of a fringe of given order. 


locus of achromatic position. 
Ay, Az, achromatic points in the fringes. 


| 


thown that, wherever + and 7* are constant, Ny is pro- 
portional to N,. With a fibre of circular cross-section the 
iringes, which are loci of constant N,, are half-ellipses. 
{ onsequently, the locus of the achromatic position N, is 
| Iso represented by a half-ellipse, and where this locus 
intersects a fringe, as at points A, and Aj, the fringe appears 
,chromatic. 

| Whenever N, is zero two possibilities arise. The first is 
lhe trivial one that the specimen thickness / is zero; then 
V4 = N, = 0 and there is no jump in the achromatic fringe 
bosition. The other is that (uw. — f4,), = 9; in this instance 
V4 will be zero only if the dispersion of jz. is the same as 
hat of fy, a condition that is unlikely to be fulfilled when 
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a solid is immersed in a liquid. As an illustration, a piece 
of the glass fibre was placed in a liquid of such a refractive 
index that N, was zero for some wavelength in the middle of 
the visible spectrum; that is, the fringes were undisplaced 
upon crossing the fibre. Despite the straightness of the 
fringes, the zero-order fringe was highly coloured on the 
axis of the fibre, but this coloration diminished as the edges 
(/ = 0) of the fibre were approached. The fringe of order —1 
was coloured on the axis but was achromatic at a point 
between the axis and the edge of the fibre. The fringe of 
order —2, although nearly achromatic on the axis, was 
brightly coloured towards the edges. 

The following points deserve emphasis. (1) These results 
are mainly due to the large difference in the dispersions of 
the fibre and of the liquid, and are but little influenced by 
the small contribution made by dispersion in the compensator. 
Equally marked results should therefore be observed with 
most forms of interference microscope. (2) If the fringes 
undergo an abrupt and not a gradual displacement at the 
specimen edge, there might be no evidence that a jump has 
occurred in the position of the achromatic fringe; it is thus 
unwise to use white light without careful consideration of 
this possibility. 
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The use of electronic analogue computers with resistance network | 
analogues 


By W. J. Karpius, Ph.D., Department of Engineering, University of California, Los Angeles, U.S.A. 
[Paper first received 19 April, and in final form 14 June, 1955] 


A method is described whereby conventional d.c. electronic analogue computing units are used 

in conjunction with a resistance network to solve partial differential equations. 

units are connected to the network nodes and supply automatically the required feed-in currents. 

The procedure eliminates iterative or trial-and-error adjustments, without impairing appreciably 
the high accuracy obtainable with resistance network analogues. 


The solution of partial differential equations of the type 
V*6 =f (¢) () 


by use of resistance network analogies has received consider- 
able treatment in recent literature.¢.2) In this method the 
left-hand side of equation (1) is expanded in finite differences 
and represented by its analogue, a network of electrical 
resistors. A current corresponding to the factor f(#) is then 
applied to each network node. Since the electrical potential 
at each node and the magnitude of the current applied to it 
are dependent upon each other, they cannot be determined 
separately. It is therefore necessary to employ iterative or 
trial-and-error methods. That is, the current applied to each 
node must be adjusted and readjusted until equation (1) is 
satisfied at every node of the network. It is the purpose of 
this paper to present a method whereby these iterations are 
performed automatically, in a fraction of a second, by means 
of analogue computing units connected to the nodes of the 
network. 


PRINCIPLE OF THE METHOD 


As an example, the computer method will be employed to 
obtain a solution of the equation 


d2h/dx? = kp-4 (2) 


subject to specified boundary conditions. This equation 
expresses the electrical potential ¢ in a plane diode, as a 
function of the distance x from the cathode, when the current 
is limited by a space charge. It was used by Liebman®) to 
demonstrate the basic principle of the iterative method used 
in conjunction with the resistance network analogue. An 
exact solution of this equation, subject to the boundary 
conditions that ¢ = 0 and dd/dx =0 for x =0, may be 
found by multiplying both sides of the expression by 2d¢/dx 
and integrating twice; then 


fh = (9k/4)2/3x413 (3) 
Equation (2) may be expanded 


pe 0 ze tale do as kbo* (4) 


where /2 represents the mesh interval between adjacent nodes. 
The appropriate electrical analogue may therefore be repre- 
sented as shown in Fig. 1. In this figure, i represents the 


Fig. 1. Resistance network analogue for equation (4) 
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These computing 


current that must be applied to a typical network node, the ff 

potential of which is do. 4 
Since analogue computers work primarily with voltages, itz 

is desirable to transform equation (4) into ; 


b= $5 = by hie 
oes ORE an ae 0 = 0-0 (5) & 


where R is a resistor of arbitrary magnitude. According to J 
equation (5), the node of potential ¢y should be connected to # 
three nodes with potentials $,,;, 6, and (¢o — kh?d5%) | 
respectively, through three equal resistors R. 
equation (5) may be solved by attaching to each network node : It 
a resistor R, and applying a voltage (¢9 — kh*¢, 4) to its free f 
end. This is illustrated in Fig. 2, where the rectangles § 
represent the computer units supplying these voltages. 


Fig. 2. Resistance network analogue for equation (5) 


DESCRIPTION OF A TYPICAL COMPUTER UNIT 


The purpose of each computer unit is to furnish the 4 
required voltage (fy — kh, 4). One manner of accom- 
plishing this with standard computing components is shown | 
schematically in Fig. 3. The significance of the d.c. voltages 4 
appearing at various points of the circuit, in terms of the | 
network variables, is indicated in the figure. The symbols | 
indicated for the resistances connected to amplifiers (A), (B) | 
and (C) denote the ratio between the feedback and input | 
resistors for these amplifiers. For example, the feedback 
resistor of amplifier (C) is ten times as large as each of the | 
two input resistors. Since adequate descriptions of com- » 
mercially available analogue computers are to be found in jj 
the literature,“ only a brief discussion of their operation — 
will be presented here. 

Amplifiers (A), (B) and (C) are standard high gain, d.c., 
operational amplifiers. The output voltage of such amplifiers / 
is proportional to the magnitude of the feedback resistor. — 
If the feedback resistor and the input resistors are all of equal { 
magnitude, the output voltage is equal to minus the algebraic 
sum of the input voltages. Operational amplifier (A) there-— 
fore acts as a simple sign changer, while amplifier (B) serves 
as an adder as well as a sign changer. The combination of | 
amplifier (C), the servo-amplifier, and the motor M, comprises 
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an error-sensing network. The motor shaft is coupled 
echanically to the three ganged, precision ten-turn potentio- 
jmeters IT, I and II. Connected as shown the motor rotates 
in a direction to make the voltage appearing at the moving 
larm of potentiometer II equal to minus the fixed input voltage 
\E,. If the potentiometer ratios are equal to «, the voltage at 
ithe moving arm of potentiometer I is (—a¢o), and the voltage 
at the moving arm of potentiometer II is then equal to 
(—a7$o). This latter voltage is equated to (—E£)), by the 
action of the servo-motor, so that « = (E;/4o)?. The voltage 
appearing at the moving arm of potentiometer II is then 
Hiequal to E,(E;/,)!, where E, is the fixed voltage applied to 
Pee moincter III, and ¢o is the voltage at the node of the 
f esistance network. If the product of the fixed voltages 
f (E\) is made equal to the factor (kh*), the output of 
potentiometer III is kh?d, + as desired. 


%; R $o R $e 


Fig. 3. Typical electronic analogue computer unit 


By careful selection of the magnitudes of the resistances of 
L three potentiometers and the input resistors of amplifiers 
B) and (C) all so-called potentiometer loading errors can be 
| imade to compensate each other and a high order of accuracy 
may be achieved. To assure overall stability care must be 
aken in the design of the computing units to make the gain 

round all closed loops less than unity. The voltages E, and 
HE, for all computer units may come from common power 


ae 


| 


| OPERATION OF ANALOGUE 


| The first step in applying the method to the solution of 
quation (3) involves the construction of computer units of 
i he type shown in Fig. 3 for each of the network nodes. This 
Htask may be speeded considerably by using plug-in type 
I. quipment. The units are then connected to the resistance 
etwork, and the boundary potentials of the network as well 
as the two computer voltages, E, and £,, are set to their 
correct values. These values must be selected with care to 
2 void exceeding the operating limits of the operational 
ia mplifiers. The computers will then ‘relax’? automatically 
ito the correct node voltages and currents, and the desired 
ipotentials may be measured and recorded. 

| The speed with which the solution becomes available 
lextends greatly the applicability of the resistance network. 
'For example, it may be used for determining the optimum 
walue of design factors, by making a series of measurements and 
i] 


changing the system parameters in a systematic manner, An 
analogue of this type has also been used successfully to solve 
so-called free-surface problems, important in petroleum pro- 
duction engineering. Details of that research are presented — 
elsewhere. ©) 

The circuits shown in Figs. 2 and 3 were employed to solve 
equation (3) for k = 4/9. A comparison of the computer 
solution and the exact solution expressed by equation (4) is 
shown in the table. A considerable increase in accuracy is 


Comparison of analytical and computer solutions 


X (arbitrary units) Pie ee) ie ouiee 
0 0 0 
1 1-00 1-03 
2 2:50 DD, 
3 4:28 4-25 
4 6:28 6°26 
5 8-46 8-46 


possible by increasing the number of network nodes by 
reducing the factor h, and by making the network spacing 
more dense in those regions in which the potential gradient 
is most non-linear. 

Howe and Hannerman) have shown that partial differ- 
ential equations may be solved entirely by means of opera- 
tional amplifiers. The present method represents an effort to 
combine the speed of the computer type of solution with the 
high inherent accuracy of the resistance network analogue. 
Liebman™ has shown that accuracies approaching one part 
in 10000 are attainable with resistance networks using 
resistors with tolerances of +1%. The accuracy of analogue 
computer units of the type described can generally not be 
expected to exceed one part in 100. By employing them only 
for the purpose of introducing the required feed-in currents, 
however, the overall accuracy of the analogue process is only 
slightly impaired. This is particularly true if the magnitude 
of the feed-in currents is small compared to the currents 
flowing in the resistance network, as in the problem described 
above for small k. 
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The permittivity of two phase mixtures 


By C. A. R. Pearce, M.Sc.(Eng.), A.M.I.Mech.E., A.M.IE.E., National Coal Board, Central Research 
Establishment, Worton Hall, Isleworth, Middlesex 


[Paper first received 18 May, and in final form 14 July, 1955] 


The paper compares the results of a number of workers with the predictions of published 

formulae. It is shown that expressions due to Bruggeman accord with 'the observations but 

those due to Béttcher, and Van Vessem and Bijvoet are only valid over a limited range of 

permittivities. An empirical expression is given which is adequate for all available relevant 
results. 


LIST OF SYMBOLS 


€ is the general symbol for relative permittivity. 

€; and €, refer to the discontinuous and continuous phases 
respectively of a porphyritic mixture. 

é,, 1S the value for the mixture. 

2Em = Em/EQ and Pe as &/€>. 

P;, the volume ratio, is the fraction of the total volume 
represented by the discontinuous phase. 


INTRODUCTION 


A number of formulae have been proposed which seek to 
relate the electrical properties of a mixture with the corre- 
sponding properties of the phases. Those by Maxwell, 
Rayleigh,® and Wiener® relate to formal arrangements of 
bodies and as Pearce) has shown are inadequate when 
applied to random dispersions. Similar limitations can be 
presumed for those of Burgess,©) Lewin and Eckart) 
which can be shown to reduce to special cases of Maxwell’s 
expression. 

The first analysis of a specifically random mixture was by 
Bruggeman®) in 1935. He derived a number of expressions 
but two are significant in the present context. Besides 
randomness Bruggeman’s other postulates were homogeneous, 
isotropic elements all of which have the same general form 
and are small in relation to the total volume of the mixture 
or aggregate. 

For a porphyritic dispersion of randomly orientated 
laminae of undefined profile, Bruggeman derived the 
expression: 


‘ 3€, + 2p,(€, — 2) 


3 : 1 
DE pea) (1) 
and for a similar dispersion of spheres: 
&p = oa ae 
1—p, == ; (2) 


Cie) Em 


These two expressions are given as the extreme values 
obtained with dispersions of all particle shapes, that for the 
spheres being the lower limit. 


COMPARISON OF BRUGGEMAN’S FORMULA 
WITH PUBLISHED OBSERVATIONS 


To compare the published observations of other workers 
with the predictions of formulae (1) and (2) the author has 
transformed the results, using the expression: 


aes 2Em I Em — €2 


oe Benes (3) 


E 


so that 0 < &’ < 1 for all cases. 
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Fig. 1 compares limiting curves from Bruggeman’s formulae i 
plotted for a number of values of € with points derivediy 
from published observations on the wide variety of “mixtures” 
listed in the table. The majority of the observations relating 
to mixtures for which 1 < ¢, < 5 lie between the limits set? 


1o-++ 


O8 


O-4 


Fig. 1. Showing how the results of a number of — 
observers compare with curves of Bruggeman’s formulae 
for porphyritic mixtures 


+ 261 <1 —— - —— _ laminae, 2¢; = 2. 
Oy RES it SSS) f upper curve Jaminae, 22; = 4. 
to Ay Sp cal Lop (hear Sue eons = ‘L lower curve spheres, 26; = 4. 
e 15 < re spheres, 26; = 16. 


by formula (1) with ,¢, = 2 and formula (2) with je, = 4.) 
The observations falling outside this region of the diagram 
are in the main those for which ,¢, <1 or >5 and these 
points generally fall into regions bounded -by curves for] 
appropriate values of 5¢,. In Fig. 1 the curves for laminae 
with 5¢, = 16 and spheres 5¢, = 2 have been omitted in 
order to reduce the congestion in the diagram. The first lies 
between the middle two of the diagram and the second 
practically coincides with the curve for laminae with ¢, = 4. 

Fig. | not only provides general confirmation of the validity 
of Bruggeman’s work on porphyritic mixtures but also serves 
to emphasize the limited value of his formulae in dealing with 
practical cases since they do not indicate even the form of 
the relationship between p, and 5¢,, for given precise con- 
ditions. It is therefore inevitable that attempts to use these 
formulae have generally required the introduction of empirical 
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\constants usually called ‘‘form’’ or “agglomeration” factors, 
isee, for example, Voet. . 


EMPIRICAL EXAMINATION OF PUBLISHED 
OBSERVATIONS 


An examination of the observations listed in the table has 
‘revealed that the relationship between ¢’ and Pp, can be 
adequately represented by the family of curves: 


; EEG 

€ eee YP; (4) 
1 — up, 

where parameter v is a constant for each condition. The 


‘Sets of observations examined in this way were all those 
|known to the author for finite values of ¢, and for which 
the necessary conditions were available with a reasonable 


i Table giving details of observations used in Figs. 1, 3, 4 and § 


q System Authority 281 aa 
| NaCl in oil Burton and 2-605 0-375 
Turnbull@ 
'K,AL(SO,)4 Burton and 2-835 0-375 
Turnbull?) 
‘KCl in vacuum Guillien@) 4:57 0°35 
; PbCI, in vacuum GuillienU 28 0:73 
?PbCI, in CCl, Guillien@>) 12°56 0:65 
| Nac! in air Van Vessem and 3°81- 0°45 
i Bijvoet@)) 
KCI in air Van Vessem and 4-68 0:39 
Bijvoet@)) 
NH, Clin CCl, — CgHg Van Vessem and 3:13 0-32 
Bijvoet() 
i KCl in CCl, — CBr, Van Vessem and L972 50°18 
| Bijvoet() 3 
| CaCO, in rubber Scott and 3:47 0-375 
McPherson“4) 
l CaCO; in vistonex Scott and 3:87 1-045 
| McPherson“!4) 
H KCl in air Errera“!>) 4-78 0:35 
Powdered quartz in Mecke and Schill@® 2-01 0-15 
benzol 
| Powdered quartz in Mecke and Schill@® 0-135 — 0-90 
'  nitrobenzol 
TiO, in air sintered at Stevels!”) 114 0-5 
1500° C, 7 days 
| TiO, in air sintered at Stevels“”) 114 0-87 
1000—1300° C, 1 hour : 
| TiO, in air unsintered Stevels“'7) 114 0-905 


| degree of certainty. They include the results of tests on 
powders in air and immersed in liquids and solids as well as 
| compressed and sintered powders. A few sets of published 
|results which might have otherwise been included were 

omitted because of uncertainties of one sort or another, 
| e.g. those by Rushman and Strivens.“® They worked with 
! sintered BaTiO; and varied the sintering temperature at the 
| same time as p, was varied. Their published curves indicate 
| a major transition between 1150 and 1250° C (p,; = 0-596 to 
| 0-686). The results above the transition are well represented 
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by formula (4) with v = 0-4, ,¢, = 1650 but the remainder 
are insufficient to establish a law. 

Fig. 2 includes typical examples of the family of curves 
represented by formula (4) and Fig. 3 shows some of the 
results plotted with the curve derived from (4) which provides 
the best fit with the published data. The worst fit obtained 
was that shown for quartz in nitrobenzol. 


0-4 


0-755 


0507 


0254 


; oesecel 
O75 ike) 


Fig. 2. The broken lines are examples of the family 


e’ = CE ee for v = 0-9 and —0-5 to 0-75 x 0-25. 
1 op; 
The full lines are derived from Bottcher’s expression ~ 


Curve 1 for 2¢1 = 2, curve 2 for 2¢1 =4 and curve 3 for 22; = 16. 


Ot 


08 


O-4 


Fig. 3. Showing how the results of various workers fit 
3 1—v 
curves of the family e’ = Lars 
1 — uy, 


Curve 1, the points are for quartz in nitrobenzol and the curve 
isv = — 0:9. Curve 2, the points are for KCl in CCl4 — CBr4 
and the curve is v= + 0-18. Curve 3, the points are for 
KCl in airC5) and the curve is v = + 033.5 Curve 4, the 
points are for PbCl2 in vacuum and the curve is » = + 0°73. 
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In general, therefore, the available results of measurements 
of permittivity of mixtures with finite values for ¢, fit 
expression (4) at least as well as the accuracy and repeat- 
ability of the original measurements allow. 

The factor v fulfils some of the functions of the form factor 
u used by Wiener® but its value in any set of conditions 
depends on so many properties which are unrelated to shape 
that it will be referred to instead as the “‘empirical factor.” 
The values obtained for » and quoted in the table are plotted 
in Fig. 4 for comparison with j€, and the wide scatter further 
emphasizes the way in which the characteristics of mixtures 
depend on factors not found in any published expression. 
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Fig. 4. Values of the empirical factor v plotted against 
a logarithmic scale of 5, 


The general empirical relationship for a porphyritic mixture 
can now be assembled, namely: 


Doyo haere. — & 


m 
Sd ee Sy 


py: (1 — v)p, 
LD, 
which differs from previously published expressions for 


mixtures in that the factor v is defined only in relation to test 
results. 


(5) 


THE WORK OF BOTTCHER, AND POLDER 
AND VAN SANTEN 


In a series of papers published between 1940 and 1945 
Bottcher¢®) dealt with the problem of mixtures and put 
forward the following expression for a powder in air: 

Preah Eo 
35E 


2€1 = 1 
i 
2&1 + 228, 


(6) 


In the case of the observations which he quoted the pre- 
dictions of the formula were in excellent agreement, but if 
the expression is tested against measurements made on 
mixtures for which 5¢, is high, say above 10, or on the other 
hand is fractional, agreement ceases to be so satisfactory. 
Fig. 5 indicates the sort of discrepancy that occurs in two 
such cases. There is, however, an alternative method of 
examining such formulae. Having, in the previous section, 
established empirically the general form of the relationship 
between ¢’ and p, this can be used to compare any formula 
with the observations on which the relationship is based. 

The way in which the discrepancies of Béttcher’s formula 
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arise will be readily apparent from an examination of 
two sets of curves in Fig. 2. With »€, = 2 or 4 Bottcher’ s4 i 
formula gives results conforming to the general shape of the # 
curves of (1 — w)x/( — vx) but for ,¢, = 16 the curve is # 
quite different in form. There is also a marked difference 
with fractional values of 3é. : 


for quartz in nitrobenzol 


Xm 


2m for Pb Cl, in air 


Fig. 5. Examples of the application of Bottcher’s equa- 
tion to mixtures with high and fractional values of »€, 
+ Guillien@3 for PbCl, in air, ey = 28, e2 = 1. 
© Mecke and Schill@® for powdered quartz in nitrobenzol, 
61 = 47575, €2 = 33:95. 
The curves are derived from equation (6), BOttcher’s equation. 
Curve A with 261 = 28. Curve B with 26; = 0-135. 


Polder and Van Santen“) also. examined the general | 
problem and derived a number of related formulae. The © 
version applying to spheres is identical with Bottcher’s 
equation. If their curves are transformed and compared } 
directly with those derived from (1 — v)x/( — vx), as has | 
been done for B6ttcher’s formula, it will be found that once | 
again those for €, ~ 1 to 4 fit fairly well with observations, — 


pancies. 


CONCLUSION 


The most important outcome of the study has been to 4 
demonstrate the validity of Bruggeman’s work and of © 
formula (4) proposed by the author in relation to previously | 
published observations made on a wide variety of mixtures. | 
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to its final temperature. 


by the evolution or absorption of heat. 


‘Transient heat conduction problems which involve one or 
more changes of phase arise in several fields of practical 
tnterest. Their mathematical formulation requires the 
anecification of conditions on the boundaries separating the 
‘various phases; however, these boundaries move, as the 
fiemperature distribution changes, in a manner which is 
initially unknown. They represent, therefore, problems of 
onsiderable difficulty, and direct general methods of solution 
fare not yet available. 

_ The nature of this class of problems may be clarified by 
ithe consideration of the following typical example. A semi- 
infinite mass of pure metal is initially in the molten state at 
la uniform temperature 7; > Ts, where T, is the solidification 
jtemperature of the metal, Fig. I(@)es, At time 7 —=-0>the 
‘temperature of the surface of the metal is brought to 


PAA 
aserees 
RSSoeoe5] 


LIQUID 


Fig. 1. Solidification of a pure metal 


|T) < Ty, and solidification begins immediately. At a later 
itime, ¢=14,, the temperature distribution appears as in 
jFig. 1(5), y(t,) representing the thickness of metal solidified 
up to this time. At a still later time, f = ft, the temperature 
! distribution appears as in Fig. l(c). Since the thermal 
|properties of the solid and liquid metal are different, and 
‘since latent heat is released when the metal solidifies, boundary 
| conditions must be specified on the plane x = y(f), although 
this function is initially unknown. 

The solution to the above problem was obtained by 
Neumann) by a semi-inverse procedure; it is one of the 
few known exact solutions in this field. However, the 
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Transient heat conduction in multiphase media 
By J. H. Werner, B.M.E., A.M., Ph.D., Columbia University, New York, U.S.A. 
[Paper first received 31 December, 1954, and in final form 27 May, 1955] 


An analytical solution is obtained for the problem of a semi-infinite mass of material initially 
at a uniform temperature, the surface of which is maintained at a different constant temperature, 
where the material may change phase an arbitrary number of times in passing from its initial 
Each phase of the material may have distinct thermal properties. 
Each change of phase is assumed to take place at a given temperature and may be accompanied 
The solution is obtained by a semi-inyerse procedure. 

A numerical example is given of the application of the solution to the analysis of the solidifica- 
tion of 0:2°% carbon steel and comparison is made between the theoretical solution, experimental 
results and an electrical analogue solution of the same problem. 


following shortcoming of Neumann’s and the other analytical 
procedures is clearly stated by Ruddle, in his excellent 
review monograph on solidification as follows: ““A very 
serious disadvantage of all the mathematical methods is that 
they are only applicable to materials which freeze at constant 
temperatures and are not capable of dealing with alloys 
solidifying over a substantial range of temperature.” 2) 

An alloy undergoes at least two changes of phase during 
solidification; one when it drops below the liquidus tempera- 
ture 7,, and one when it drops below the solidus temperature 
Ts. Ata time t = ¢, after the start of solidification of a semi- 
infinite mass of an alloy, the temperature distribution appears 
as in Fig. 2. It is seen that, in contrast to the case of the. 


Fig. 2. Solidification of an alloy 


pure metal, there are now two moving boundaries at 
positions y(t) and y,(t) which correspond to the liquidus and 
solidus temperatures respectively. If other phase changes 
occur between these two temperatures there will be additional 
moving boundaries. 

It is shown in this paper that Neumann’s semi-inverse 
procedure may be extended to obtain the solution to the 
problem of a semi-infinite mass of material initially at a 
uniform temperature, the surface of which is maintained at a 
different constant temperature, where the material may 
change phase an arbitrary number of times in passing from 
its initial to its final temperature. Each phase may have 
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distinct thermal properties. A numerical example is given of 
the application of this solution to the study of the solidification 
of an alloy which undergoes three-phase changes. Com- 
parison is made between the theoretical solution, experi- 
mental results and an electrical analogy solution of the same 
problem. 

The above discussion has been phrased in terms of the 
solidification of metals in order to fix ideas. However, it 
will be clear from the mathematical formulation and the 
solution of the problem presented in the next section that the 
procedure is of broader application. It may be used, for 
example, in the analysis of melting, heat-treating, the propa- 
gation of chemical reactions, etc. The method may also 
serve to obtain approximate solutions to non-linear heat 
conduction problems by replacing the continuous dependence 
of thermal properties upon temperature by step-wise phase 
changes. It is also clear that the solution presented applies 
as well to other diffusion problems of this type, requiring 
merely a suitable change in terminology. 


MATHEMATICAL FORMULATION OF THE 
PROBLEM 


It is assumed that the substance under consideration 
occupies the region x >0. For the temperature range 
Ej a UaT,;,-t = 1,02, 2... ,-n the material exists inva 
phase with thermal conductivity K;, volumetric specific heat 
c;, and thermal diffusivity «; = K;/c;. At time t = 0, the 
entire mass is at the uniform temperature 7, and for t > 0 
the surface x = 0 is maintained at the constant temperature 
Ty. (To and T,, need not be phase change temperatures.) At 
the interface y(t) separating the i phase from the (i + 1) 
heat is generated at a rate proportional to the volumetric 
rate of conversion of the (i + 1) phase to the i, that is at a 
rate Ld yj/dt). Ata time t > 0, the temperature distribu- 
tion will appear as in Fig. 3. Mathematically, the problem 


PHASE | 
PHASE 2 
PHASE 1 
PHASE n 


y(t) elt) 


yi) 


Fig. 3. Temperature distribution in n phase substance 


Y(t) Y(t) 


is formulated as follows. [For compactness, the symbols 
yo(t) and y,(t) are used for 0 and 00 respectively; by f [y,(0)] 
is meant lim f(x)]. Then the following equations obtain for 


x—> 00 
u(x, t), the temperature in the 7 phase. 
07u; OU; ; 
Bao 5; Drei) ae YAP) othe ON sl aareepemee OLY 
WYO); ) =T;4, GO), 0 =T3 t>0, 1 =1,05 ,n (2) 
Ou; Ou; 
Kix = Ky oH = Lidy;/dt; 


UD ae ae 
r r 


Solutions for the functions u; are assumed to be of the form 
u(x, t) = A d(B;x/v/t) + B,, I = i eg n (5) 


where A; and B; are constants, 


Bi = WQV/o,) and $(x) = erfx = eh) | exp (—u)du | 
° 3 0 ( 


It is seen by direct substitution that the functions defined by 4% 
equations (5) satisfy equations (1), It is also seen that § 
equations (2) require that y,(t) be of the form yt) = y;,\/@), # 
where y; is a constant, i= 0, 1,...,”. Note that by the # 
above convention, yy =0 and f(y,) =limf(x). The ¥ 


x—> 0 SE 
constants A; and B; are then determined from equations (2) as 
ieee es 


A; a ’ 1 — il. Tide n 
d(Bivi) — $(Bivi-v | (6) 
Bez T;_1P(Bivi) — Tid(Biyi_s) oe fae | 
P(Bivi) a PBi¥i-v) 
Substitution of the functions u;(x, 1) defined by equations ff 
(5) in equations (3), with the constants A; defined by | 


equations (6), leads to the following set of n — 1 equations 
for the n — 1 constants. yj, ...4°V;-43 


2 Eau — T;_,) exp (— By?) 


VT PBivi) — P(BiVi_-v) 
e Ki 41Bi41i41 — Ti) exp eee moLve 
P(Bi41Vitv oe (Bi 4171) ne 
b=12. 0p = ae 


Equation (4) is clearly satisfied. A complete solution to 
the problem is therefore given by the set of functions u;(x, f) 
defined by equations (5), with the constants A; and B; given j 
by equations (6) and the constants y; determined as solution — 
of equations (7), providing this solution exists with 
Visi > Vi > 0,i=1,...,n—1. The question of existence - 
and -uniqueness of the solution to the above system of 
equations is not considered here. For a particular system, { 
if the solution exists, it may be found numerically by the } 
procedure outlined in the following section. . 


METHOD OF SOLUTION OF EQUATIONS (7) 


Although the system of equations (7) constitutes a set of 
n—1 transcendental equations for the » — 1 constants 
yi, i =1,...,— 1, they are only loosely coupled and may 
be solved numerically without excessive computation. This 
may be accomplished as follows. : 

(1) The first equation, (i = 1), is solved numerically for 
y, as a function of y>. . 

(2) Using this relationship, the second. equation, (i = 2), is - 
solved numerically for y2 as a function of y3; this process is — 
continued through the (x — 2) equation, (i = n — 2) obtain- 
ing y,_2 as a function of y,_;. : 

(3) The (7 — 1) equation, (i = n — 1), is solved numerically 
for y, 2 as a function of y,_,, yielding a second relationship | 
which is solved simultaneously with that obtained in step (2) 


x=y(t), t>0,i=1,...,.n—1 (3) above to determine the values of y, > and Yn—1- The values 
’ ees ; of y, through y,_3 are then obtained directly by back sub- — 
Only the 7 phase is present initially and for it stitution in the functional relationships previously established. — 
lim u,(x, 1) =T,; x>0 (A); 2 The labour involved in obtaining a solution for a problem | 
FESO involving n phases is therefore simply proportional to (n — 1) 
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APPLICATION TO THE SOLIDIFICATION OF AN 
ALLOY 


The manner in which a solidifying alloy releases its latent 
heat in passing from the liquidus to the solidus temperatures 
is not yet well understood. In a series of electrical analogy 
solutions at the Heat and Mass Flow Analyser Laboratory of 
Columbia University, Paschkis®) found that good agreement 
with experiment was obtained by assuming that the latent 
heat may be represented as additional specific heat. He 
assumed further, that the alloy has the same thermal pro- 
perties as the liquid metal until the temperature midway 
between liquidus and solidus temperatures is reached; at this 
point, the thermal properties change to those of the solid 
metal. 

With this formulation, the problem is one of a four-phase 
medium. Letting 7, be the liquidus temperature, 7, the 
solidus temperature, L the latent heat release per unit volume 
of solidified metal, the equivalent volumetric specific heat 
increment, c,,, is given by: 


€eqg = EMT — 14) (8) 
Letting T, = 


4(T, + T;), the thermal conductivity and 


volumetric specific heat of the four phases are assumed to be 


(9) 


In the above, K,, c, and_K;, cy, are the thermal propetties of 
solid and liquid. aaa respectively. 

The temperature distribution in a mass of liquid alloy 
occupying the region x > 0 initially at temperature 7, > 7; 
when suddenly brought into intimate contact at time t = 0 
with a semi-infinite mould of thermal properties Ko, cg 
occupying the region x < 0 and initially at temperature T_, 
will now be examined. 

A solution to the above problem is attempted in which the 
mould-metal interface temperature is a constant 7p, for 
t>0. The temperature distribution in the metal is then 
given by equations (5), (6) and (7) with nm = 4 and L; = 0, 
i=1,...,4. To complete the solution, it is only necessary 
to determine the interface temperature, 7). Under the above 
hypothesis, the temperature distribution in the mould, 
U(x, ft) is given by the equation 


U(x, t) = (T_, — T)$(—Box/v/t) + To 


From equations (5) and (6) for i = 1, it is seen that 


(10) 


TSB xIv'0) ieee 


u,(X, t) = 


$8 


By the substitution of the above functions, wo(x,t) and 
u,(x, t) in the additional boundary condition at x = 0, 


Kduo/0x = K,0u,/0x (11) 
the interface temperature Ty is found to be 
K Diem Loe 
(eet oPoP(Bivid 1 v (12) 


KoBoP(Piv) li KiB, 


If a solution to the system of equations (7) exists for this 
value of Ty, then a solution to the solidification problem of 
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the postulated form exists. The constants y,, . 


+» Yq May 
be determined numerically as described above. 


NUMERICAL EXAMPLE 


The above procedure was applied to a problem studied 
experimentally by Clarke and, using an electrical analogy, 
by Paschkis.@) The problem is that of the solidification of 
0:2°% carbon steel in contact with a chill (a metallic mould 
insert used to accelerate solidification) of the same material. 
With the above notation, the data used in the electrical 
analogy experiments as representing the conditions of the 
actual experiments, are as follows: 


Ky = K, =18-4Btu/fth°F cy =c, = 77-2 B.t.u./ft3 
=9-2Btu./fth °F c, = 90-0 B.t.u./ft3 
T_,=10°F, T, = 2600°F, T; = 2700°F, T, = 2845°F 

L = 58000 B.t.u./ft3 


A theoretical solution to this problem was obtained using 
the procedure described above. As indicated there, the latent 
heat was represented as additional specific heat. A com- 
parison of the progress of the liquidus and solidus isothermals 
as given by the analytical and analogue solutions is shown 
in Fig. 4 for the first 81 seconds. Further comparison is not 
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Fig. 4. Comparison of theoretical, experimental and 
analogy solutions 
—— = theoretical. 


- - - - = electrical analogy (Paschkis). 
x = experimental (Clarke). 


possible since the formation of an air gap between metal and 
chill was assumed at this time in the analogue experiments. 
Also shown are values of the solidified thickness at various 
times obtained experimentally by Clark by pour-out tests. 
The agreement between the three results is seen to be reason- 
ably good. 
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Measurement of metallurgical equilibria by thermal conductivity | 
gas analysis 


By J. W. Evans, Ph.D.,* International Nickel Co. of Canada, Ltd., Copper Cliff, Ontario, Canada 


[Paper received 9 June, 1955] 


A gas thermal conductivity cell is used to measure the high temperature equilibria between 
metal oxides and carbon monoxide/carbon dioxide gas mixtures. 


In the extraction and refining of metals the high temperature 
thermodynamic properties of substances such as oxides and 
sulphides are essential data for the understanding of the 
processes involved. Of particular interest is the free energy 
of formation which is frequently obtained by high tempera- 
ture equilibrium measurements of the substance with an 
appropriate gas phase. 

For example, with oxides, sulphides and carbides the 
following equilibria have been widely used: 


(1) MeO + CO = Me + CO,. 
(2) MeS + H, = Me + HS. 
(3) MeC + 2H, = Me + CHy. 


For each of these reactions at any one temperature, the 
equilibrium is determined by the gas compositions in contact 
with the solid phases. The measurement of the equilibria 
then depends essentially on some form of accurate gas 
analysis. 

A variety of methods which are comprehensively described 
by Kubaschewski and Evans“) have been used and will not 
be discussed here. In practice, the equilibrium gas ratios 
vary over a wide range depending on the system and any 
method usually involves the careful determination of one 
component of the gas mixture which may be present at quite 
low concentrations. 

The thermal conductivity method of gas analysis is very 
suitable for the determination of these gas compositions 
since the method, apart from its great potential sensitivity 
(especially with hydrogen as one component), has the 
advantage of almost continuous measurement without dis- 
turbing the equilibrium. The principles of thermal con- 
ductivity methods are well known and an excellent account 
together with many industrial and research applications is 
given by Daynes.2) However, little use has been made of 
thermal conductivity methods in studying metallurgical 
equilibria and the apparatus described here deals with its 
application to oxide equilibria at about 1000° C. 

The metal oxide is brought to equilibrium with a gas phase 
of carbon monoxide/carbon dioxide, the gases being con- 
tinuously circulated through the furnace tube and the thermal 
conductivity cell to avoid thermal diffusion errors. The 
approach to equilibrium can be followed continuously with- 
out in any way disturbing the equilibrium. 


THE APPARATUS 


A schematic drawing of the apparatus is shown in Fig. 1. 
F is a fused silica tube, of 1 in. outside diameter, mounted 
centrally in a Nichrome-wound tubular furnace, of 24 in. 
internal diameter. The silica tube is baffled externally with 
refractory brick to concentrate a uniform temperature zone 
in the centre. A chromel-alumel thermocouple (not shown) 


* Now at Department of Metallurgy, University of Manchester. 
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is secured outside the tube with the tip of the thermocouple 
at the centre of the tube. The furnace is hand-controlled by 
a Variac type autotransformer to within +2°C. One end 
of the silica tube is drawn down to 3 mm diameter and this 
end is connected to glass tubing at J, with pressure tubing 4f 
coated with deKhotinsky cement; at the other end a large 

standard taper Pyrex joint is connected at J, with cement. — 
The use of the taper joint enables the sample boat S to be 

taken in and out of the tube. 


electrical 
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Fig. 1. Thermal conductivity apparatus for equilibrium 


measurements 


TC is the thermal conductivity cell (described in detail 
below) connected between two double-oblique taps T, and 
T;. The connexions to the cell are metal-glass joints sealed 
with deKhotinsky cement. 

OP is an oscillating mercury-column pump. The oscillating 
column alternately operates valves V, and V, and circulates 
gas continuously in a closed circuit through the furnace and 
the thermal conductivity. cell. 


THERMAL CONDUCTIVITY CELL 


The cell TC consists of four separate platinum resistance 
elements mounted in a single stainless steel block which is 
enclosed in a steel case packed with glass wool to protect — 
the cell from sudden temperature changes. Two of the 
elements are in the reference gas line which contains pure 
carbon dioxide. The other two elements are in the gas line 
through which the unknown gas mixture of carbon dioxide © 
and carbon monoxide passes. The resistance elements are 
arranged in a Wheatstone bridge network. A constant 
current of 60 mA is maintained across the bridge and the 
out-of-balance condition set up by the unknown gas mixture 
creates a potential difference which is accurately measured 
with a null-point potentiometer using a mirror galvanometer. 
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Measurement of metallurgical equilibria by thermal conductivity gas analysis 


CALIBRATION 


Pure carbon dioxide is obtained by freezing out dry cylinder 
gas in a liquid nitrogen trap and pumping off the residual 
air which is the chief impurity. Pure carbon monoxide is 
obtained by condensing commercial cylinder carbon mon- 
| oxide to liquid in a liquid nitrogen trap, allowing about half 
to evaporate to eliminate uncondensed nitrogen, oxygen and 
hydrogen and finally passing the remaining half through a 
liquid oxygen trap to remove water, hydrocarbons and 
| carbon dioxide. 

The entire system is evacuated and then filled with pure 
carbon dioxide at atmospheric pressure, both the reference 
/and unknown gas lines being filled with carbon dioxide. 
|The current through the cell is adjusted to 60 mA and the 
| off-balance voltage determined with the potentiometer. 
i Ideally, when both lines are filled with the same gas, the 
‘ bridge should be balanced; this deviation is caused by the 
: physical asymmetry of the resistance wires in the cell block. 
‘One line of the cell is sealed with pure carbon dioxide at 
-atmospheric pressure to serve as the reference gas. The 
| remainder of the system is evacuated. Tap 7> is closed and 
| the apparatus filled with pure carbon dioxide at a definite 
tes and volume by means of the constant volume 
'manometer. Tap 7> is then opened and the carbon dioxide 
condensed in the trap TR with liquid nitrogen. Tap T> is 
E closed and carbon monoxide gas is passed into the same 
volume at the required pressure by manipulation of the 
constant volume manometer. Tap 7 is opened and the 
liquid nitrogen removed from the trap TR. The required 
carbon dioxide/carbon monoxide ratio is simply the ratio of 
the pressures at constant volume. Tap 7; is now closed. 


V (millivolts) 


G -C)_CO-in COD 


Fig. 2. Calibration curve for thermal conductivity cell 
IKE 


The off-balance voltage is determined and checked for 
constancy with time by pumping the gases around the system 
with the oscillating pump. The off-balance voltage is plotted 

for different volume percentages of carbon monoxide in 
carbon dioxide and a calibration curve constructed as shown 


in Fig. 2. 
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The “best” curve through the experimental points was 
obtained by the method of least squares assuming that the 
curve could be represented by the function V = 1-731 + 
0:173G + 0:0263G2, where V is in millivolts and G is volume 
percentage of carbon monoxide in carbon dioxide. 


PROCEDURE 


A sample of the metal oxide weighing about 1| g, contained 
in a fused alumina boat, is placed in the furnace and brought 
to the required temperature in air. The system is evacuated 
and a carbon monoxide/carbon dioxide gas mixture intro- 
duced in the manner already discussed in the calibration 
section. The amount of carbon monoxide in the gas mixture 
is adjusted on the basis of preliminary experiments to give 
about 10% reduction. The use of a carbon monoxide/carbon 
dioxide mixture rather than pure carbon monoxide is to 
prevent the possible initial thermal decomposition of pure 
carbon monoxide in the cooler parts of the furnace tube 
according to the equation 


2COm: CO, 


This gas mixture is then circulated continuously for some 
hours in the closed system at about | litre/min and the 
approach to equilibrium observed by means of the potentio- 
meter readings of the thermal conductivity bridge. The 
approach to equilibrium is also made from the oxidizing side 
with pure carbon dioxide after previous partial reduction. 

The method is very sensitive; as little as 0:005% carbon 
monoxide by volume in carbon dioxide can be detected. It 
is, however, limited by the accuracy with which the thermal 
conductivity cell can be calibrated. With appropriate 
modifications other metallurgical equilibria involving a binary 
gas mixture can be investigated. For reactive gases, e.g. 
hydrogen sulphide/hydrogen mixtures in sulphide systems, a 
glass cell with glass-coated platinum wires would be suitable 
and the oscillating mercury pump could be replaced by an 
electromagnetic glass-solenoid pump such as that described 
by Leake®) for corrosive gases. 
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An X-ray method for studying radial current distributions 
in electron beams 


By J. S. Tuorp, Ph.D., B.Sc., A.Inst.P.,* Services Electronics Research Laboratory, 
Admiralty, Baldock, Hertfordshire 


[Paper received 3 May, 1955] 


, 


An X-ray method is described for studying the radial distribution of current in low-voltage 

electron beams. The continuous X-ray spectrum is used. X-rays generated where the beam 

impinges on a thin foil are transmitted and produce an image of the transverse section of the 

beam on a film pressed against the foil. One application is in connexion with millimetre wave 

klystron development, and the potentialities of the method are illustrated by reference to beam 
studies with internally coated cathodes. 


In assessing the value of new forms of cathode>*->) for use 
in millimetre wave klystrons information is required about 
the diameters of the beams which can be produced and the 
current distributions in them so that estimates of interception 
and coupling factor for given designs of r.f. structure may 
be made. Similar problems are encountered in estimating 
the performances of X-ray tubes, and in this connexion the 
use of the pin-hole camera for beam cross-section studies is 
well known. In X-ray tubes the anode is normally a water- 
cooled block and X-rays enter the camera through a window 
in the side of the tube. The characteristic radiation from the 
target is employed and the operating voltage is raised to 
about four times the threshold voltage to increase the X-ray 
intensity,t A typical arrangement might involve a target- 
film distance of 10cm and a pin-hole diameter of 0-1 mm, 
and under normal loading conditions, e.g. 20 mA at 40 kV 
for a copper target, exposure times might be a few seconds. 

Several factors make pin-hole camera techniques unsuitable 
for beam studies relating to millimetre wave valves. These 
devices often operate at beam voltages of a few kilovolts 
which may be too low for excitation of characteristic radiation. 
The continuous spectrum must therefore be used and because 
of its low intensity the exposure times would be prohibitively 
long. Moreover, the beam diameters are generally an order 
of magnitude smaller than in X-ray tubes, and to obtain good 
resolution very small pin-holes would be needed; this would 
again lead to long exposures, and would also make alinement 
critical. Finally, space restrictions may be severe if measure- 
ments are to be made in magnetic confining fields. A simple 
transmission X-ray method has therefore been developed. 
The cathode to be studied is mounted in a small valve whose 
anode is a thin foil. Soft X-rays, generated where electrons 
impinge on the foil, are transmitted, and produce an image 
of the transverse section of the beam on a film pressed against 
the outer surface of the foil; the blackness at any point in 
this image is proportional to the current density at the 
corresponding point in the electron beam. Pulsed voltages 
are used to reduce the anode loading, but because of the high 
power density in the beams and the small target-film distance 
exposure times are short. 


VALVE DESIGN AND TECHNIQUES 


Techniques for using foil anodes have been developed in 
connexion with the X-ray microscope.©>® In this instrument 
currents of about 10 1A at voltages between 3 and 13 kV are 


* Now at Radar Research Establishment, Great Malvern, 


concentrated into a spot of 10-3mm diameter, and X-rays 
generated at this source pass through the specimen to the 
photographic plate. In the present technique, however, the 
X-ray distribution in the source itself is used to derive informa- 
tion about the electron beam and both the beam current and 


diameter are several orders of magnitude higher than in the ~ | 


microscope. : ft 
The type of valve used is shown schematically in Fig. 1. 
Sealed-off valves have been used exclusively to avoid gas 


film 


thin foil 
thermocouple 
cathode 
pressure 
pad 


Fig. 1. Valve with foil anode 


focusing effects, and the pumping procedure follows standard 
practice. The foil, usually of copper, is brazed over a 
rectangular slot in the anode block and the cathode system 
is subsequently sealed in at the appropriate spacing. In 
alternative designs the foil is supported by. a fine mesh grid. 
A major requirement is that the exposure time should be 
short, both for convenience and to avoid errors due to 
changes in cathode activity over Jong periods. However, the 
foil must withstand atmospheric pressure over an area of 
several square millimetres and thus the thickness chosen is 
that giving the lowest absorption with the requisite mechanical 
strength. 

The absorption introduced by a foil can be expressed by 
the relation 


IIo = exp (—py.-x) 


where J = transmitted X-ray intensity, J, = incident X-ray 
intensity, 4, = linear absorption coefficient at wavelength A, 
and x = foil thickness. In this expression 1, increases as 
the cube of the wavelength and, as the table shows, there is 
a large spread in the short wavelength limits below 10 kV. 
The Ka characteristic radiation from copper has a wavelength 


Worcs. : + 
saFion “characteristic’ tadvition «1 =e Vayh eee ore of 1-54 A. It thus appears that near 8 kV the absorption 

X-ray intensity, k — constant, i— beam current, V — applied will be similar to that obtained in normal X-ray crystallo- 

voltage, Vy = threshold voltage. graphic practice, but that it will rise rapidly at lower voltages. 
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This suggests that foils 25 thick would be practicable; 
these are sufficiently strong, and foils of thickness 25 pe to 
}100 «4 were used to cover the voltage range 4kV to 10 kV. 


Short wavelength limits below 10 kV 


Voltage (kV) 1 2 3 4 5 
Wavelength (A) 12-39 6:18 4:13 3:09 2-47 
Voltage (kV) 6 7 8 9 10 
Wavelength (A) 2:06 1:77 1°54 1:37. 1:23 


i; The beam diameters likely to be encountered are an order 
i of magnitude greater than these foil thicknesses. Relations 
|for heat flow under these conditions have been given by 
Oosterkamp.‘? Assuming inner and outer surface tempera- 
| tures of 300° C and 20° C respectively, calculations show that 
ithe maximum loading which such foils can withstand con- 
tinuously is about 4kW mm~?. This is less than the energy 
i density likely to be found in some high current, small diameter 
H beams; for example, the average power density is about 
|S kW mm? in a 50mA, 5kV beam of diameter 0:25 mm. 
For this reason pulsed voltages are used to reduce the anode 
ioading. Millisecond pulses are sufficiently long to simulate 
d.c. conditions and with low-duty cycles, of about 0-002, a 
‘tange of conditions of beam current, voltage and diameter 
can be explored. 

Standard photographic techniques are adequate for most 
f purposes. Strip films are used so that a sequence of exposures 
can be processed simultaneously. The film must be closely 
pressed to the foil, as the resolution obtainable is determined 
i by the distance between them. The exposure time necessary 
under given beam conditions is found by trial. For constant 
current and voltage it decreases with decreasing beam dia- 
‘meter, and in the present work was usually between 5 min 
# and 1s; these times correspond to 600 pulses and 2 pulses 
respectively. Further details are given in the next section. 
| It is convenient to take several different exposures for a given 
li beam so that comparisons can always be made on images 
+ of equal density. In some cases the exposure required may 
i be less than the pulse duration; additional absorbing foils 
may then be inserted between the valve and the film as 
necessary. The smallest beam diameter which can usefully 
| be studied is about 0:25mm _ because of the resolution 
| obtainable with the simple techniques outlined. 


| 


APPLICATIONS 


The technique can, in principle, be applied to study the 
' radial current distribution in beams produced by any electron 
| gun system operating at suitable voltages. Here it has been 
|used to investigate beams produced by internally coated 
cathodes.(>2:3) These cathodes are of special interest in 
| connexion with millimetre wave valves because preliminary 
, experiments suggested that annular beams of high current 
| density could be obtained. The form of the cathode used is 
| shown in Fig. 2. In many klystrons and travelling wave 
\ devices beam interception is minimized by using magnetic 
| confining fields, while the power output and tuning range 
| depend on the beam current and voltage. The beam. cross- 
section was therefore studied for various values of these 
| parameters. 

| The type of information which can be obtained is illustrated 
by Fig. 3, which reproduces part of a sequence obtained with 
increasing field at constant voltage and temperature. Visual 
inspection shows the form of the radial and peripheral current 
density distributions and quantitative data can be derived 
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from photometric measurements of the record. Low-current 
beams are annular in low fields but the current density is not 
uniform round the annulus. Beam parameters which are 
useful in calculations of the beam interception and coupling 


oxide 
coating 


heater 


Fig. 2. Geometry of an internally coated cathode 


Fig. 3. Current distributions in a 6kV, 12 mA beam 


Cathode temperature 820° C. Left to right, 0, 500, 1000 gauss; 
exposures 30, 15, 8s (50 wu foil, millisecond pulses, duty cycle 
0-002). 


factor for a given r.f. structure are the overall diameter d, 
the peak-to-peak diameter p, and a shape factor s, defined as 
the percentage ratio of the current density on the axis to the 
peak value in the annulus. Fig. 4 shows these parameters 


3-00 


a | 
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Fig. 4. Variation of beam parameters with magnetic 
field 


Anode voltage 6kV. Cathode temperature 820° C. Current 
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12mA. (© overall diameter, 
+ half peak width, 
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x peak-to-peak diameter, 
1 shape factor.) 
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plotted as functions of field for a low-current 6kV_ beam. 
With increasing field d@ falls to an approximately constant 
value which is slightly greater than the cathode diameter. 
Initially s falls to a minimum value of about 10% but sub- 
sequently rises until, when the sides of the annulus begin to 
overlap, the beam is no longer annular. The difference in 
the values of d and p shows clearly the departure from an 
ideal straight-edged beam. Similar experiments of this kind 
enable a comprehensive knowledge of the current distribution 
in the beam to be obtained under a wide range of operating 
conditions. 
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A thermally triggered spark gap 
By T. E. Broapsent, M.Sc., and J. K. Woop, M.Sc., Electrical Engineering Department, University of Manchester 
[Paper first received 20 June, and in final form 4 July, 1955] 
A new effect is described in which the presence of a small source of heat at one electrode of a 


spark gap considerably reduces its breakdown voltage. 
investigated. 


INTRODUCTION 


It is well known that a double electrode spark gap can be 
made to break down at voltages considerably less than the 
direct breakdown voltage, by the application of a pulse of a 
few kilovolts to a third electrode, which projects into a small 
hole in the sparking surface of one of the main electrodes.“ 
This system is used as a means of triggering high voltage 
spark gaps. 

Recent work®) has shown that self-illuminating gaps of 
this type can be made to break down at voltages as low as 
half the direct breakdown voltage. It has also been shown 
that the time lag between the application of the trigger pulse 
and the breakdown of the main gap depends upon the magni- 
tude and polarities of the pulse and main gap charging voltage. 
When both the trigger pulse and main gap polarities are 
positive, time lags of the order of 50 us, with small scatter, 
were observed. The breakdown process under these con- 
ditions is generally attributed to field distortion, ionization 
and photo-ionization. The present work was undertaken 
with a view to investigating the relative importance of these 
effects. 

The term ‘“‘direct breakdown voltage’”’ is used to denote 
the breakdown voltage of the gap when the triggering 
mechanism is not in operation. 


EXPERIMENTAL WORK 


Preliminary experiments. It was first decided to establish 
a source of electrons at the cathode, without field distortion. 
This was accomplished by replacing the third electrode“) 
with a tungsten wire, heated electrically to incandescence 
(Fig. 1). This was found to give a voltage lowering equi- 
valent to that of the self-illuminating gap™ for both charging 
polarities. It was noticed that considerable lowering of the 
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The performance of the gap is 


breakdown voltage was obtained when the temperature of § 
the tungsten wire was too low to allow appreciable thermionic § 
emission. A large quantity of tungsten oxide smoke was 
generated as the wire burnt away, and it was thought that 
this might be affecting the breakdown potential. The hot § 
wire was therefore mounted inside the hemisphere (Fig. 1), | 


earthed electrode 


hot wire 
Tol 
transformer x 
+ 


MAIN GAP 
Fig. 1. The thermally triggered spark gap 
15 cm diameter electrodes. 


the back of which was sealed so that smoke escaped only | 
through the hole in the sparking surface. This test showed — j 
that the presence of the smoke did not affect the direct 
breakdown potential. ) 

It would appear from these results that field distortion did — 
not account for the voltage lowering effect to any great extent | 
in this type of gap. As the effect seemed to be independent | 
of appreciable thermionic emission, it was decided to carry 3 
out a series of experiments using Nichrome wire instead of | 
tungsten. This wire forms an oxide layer which protects the © 
surface from further oxidation and can be used up to red heat. . 
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RESULTS WITH NICHROME WIRE 


Effect of wire current. Fig. 2 shows the variation of break- 
down voltage lowering (expressed as a percentage of the 
direct breakdown voltage) with current in the Nichrome wire, 
for a variety of gap lengths, and with both charging polarities. 
An approximate scale of temperature has been added; the 
higher temperatures were measured with an optical pyro- 
meter, and the lower ones obtained by interpolation. In 
view of the high percentage lowering of breakdown voltage 
obtained with relatively low wire temperatures, it would 
ae that thermionic emission is not responsible for this 
etfect. 


ge lowering 


Percentage volta 


Wire temperature gar 


Fig. 2. Voltage lowering curves for the hot wire gap 
negative charging: a = 2 cm gap. 


b = 8 cm gap. 
Si SU AR positive charging: c = 2 cm gap. 

d= 6cm gap. 

e = 10cm gap. 


(intermediate gap lengths are omitted for clarity) 


Effect of position of wire. Experiments were carried out 
| with the tip of the Nichrome wire loop in various axial 
_ positions relative to the hole in the main electrode. Break- 
down voltage is plotted against position of the wire at wire 
temperatures ranging from cold to red heat (1030°C) in 
Fig. 3. It may be seen from these curves that the greatest 
percentage lowering of breakdown voltage occurs when the 
| tip of the Nichrome wire is level with the sparking surface. 
| The curves also show that the hot wire rapidly becomes 
| ineffective as it is withdrawn through the hole. 
| Effect of wire diameter. Experiments carried out with 
| various wire diameters, ranging from 0:2 to 1:46 mm, 
| showed that the percentage lowering of breakdown voltage 
| did not vary appreciably with wire size. 
Tests with a thin foil placed over the hole in place of the 
| wire, and heated from behind, gave similar results to those 
_ obtained with the hot wire. 
i Corona measurements. It was observed that with positive 
charging voltages less than those required to produce break- 
. down, and with wire temperatures greater than about 700° C, 
| a fine, needle-shaped discharge occurred at the cathode. The 
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length of this discharge increased with voltage up to about 
25% of the gap length just below the breakdown potential. 
This corona occurred in a series of bursts, ranging in fre- 
quency from less than one to about ten bursts per second. 
The frequency of these bursts varied with both wire tempera- 
ture and charging voltage. The effect may be explained as 
follows: a corona burst causes a draught towards the hot 


voltage (kV) 


Breakdown 


Wire withdrawn : wire projecting (mm) 
Breakdown voltage curves for 8cm gap with 
various axial wire-tip positions 
Above: positive charging. 
Below: negative charging. 
In each case: a = zero wire current. 
b = 2 A wire current. 
c = 4A wire current. 
d= 6A wire current. 


isms. 


wire; this cools the wire and thus reduces corona; the draught 
decreases and the temperature of the wire increases, which 
results in an increase in corona. This cycle is repeated. 

An audible whistle was occasionaily noticed when corona 
was present. On investigation, each corona burst proved to 
be composed of a succession of Trichel pulses.@) The 
frequency of these pulses was considerably lower than that 
obtained by Trichel at atmospheric pressure. When the hot 
wire was replaced by a cold, slightly projecting point, pulses 
were obtained which agreed closely in frequency and current 
to those observed by Trichel. Mean corona current is 
plotted against frequency for both cases in Fig. 4: Trichel’s 
curves for atmospheric pressure and 20 mm of mercury are 
added for comparison. 

Effect of hot air. In order to determine whether the 
presence of a heated metal surface was necessary to initiate 
the process of breakdown, tests were carried out in which a 
small gas flame inside the hemisphere caused hot air to 
escape from the hole in the sparking surface. In order to 
prevent the possibility of a strongly ionized channel being 
produced in the main gap, the flame was arranged so that 
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the visible part ended well over a centimetre behind the hole. 
A large percentage lowering of the breakdown potential was 
observed. 


20 
Corona current (A) 


40 


Fig. 4. Corona current and pulse frequency curves 


observed results at atmospheric pressure. 
a = gap with projecting point replacing 
hot wire. 
b = hot wire gap. 
Trichel’s results. 
c = 760 mm of mercury pressure. 
d = 20 mm of mercury pressure. 


Initiation of hot-cathode discharges 
By N. R. Daty, Ph.D., and Professor K. G. EmeLeus, Ph.D., F.Inst.P., Queen’s University, Belfast 
[Paper received 1 July, 1955] 


An experimental study has been made of the effect of a voltage fall along a hot cathode on the 
initiation of a gas discharge in a diode at low pressure. 
end of the cathode and spreads along the cathode with increase in tube current. 
diffuse in the inter-electrode space towards the positive end of the cathode, where the potential 
difference between cathode and anode when plasma is present may be well below the ionization 
Observations have been made on the appearance of the discharge before 
and after plasma forms, and on oscillations generated by the discharge. 


potential of the gas. 


Although a large amount of work has been done on low- 
voltage arcs,“23) no systematic investigation appears to 
have been made of the effect on these of a voltage drop along 
the cathode. This occurs commonly in both commercial and 
experimental tubes. The present work was undertaken to 
study its effect on the initiation of the discharge. Initiation 
is here taken to mean the stages leading to production of a 
plasma in some part of the discharge space, and the growth 
of the plasma to its final form with the electron current from 
the cathode saturated, or nearly so. By a plasma we mean 
in the present connexion a region of quasineutral ionized gas, 
giving current v voltage characteristic curves of regular shape 
for a small Langmuir probe. 
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CONCLUSIONS 


From the results obtained with the hot wire gap it would 
appear that the mode of action of the self-illuminating gap | 
described in the Introduction depends upon the production 
of a small region of hot air as well as ionization, the presence fj 
of this region of hot air being mainly responsible for the 
breakdown voltage lowering effect. In the case of Positive 4 
charging and trigger polarities, the long time lags which were ji 
obtained were of the same order as the intervals between the 
corona pulses observed under similar conditions with the hot B | 
wire system. These time lags may represent the time required | 
to sweep the gap more or less free of positive ions produced 
by the trigger discharge. Investigations into the mechanism # 
of breakdown in these gaps are now in progress. tl 

The hot wire gap provides a simple and cheap method of | 
triggering a high voltage spark gap. Where synchronization * 
with an oscillograph is required, delay cables are needed. ° 
An advantage over mechanical tripping systems is that no } 
moving parts are required. 
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Plasma forms first near the negative 
Positive ions 


Most of our measurements have been made in mercury 
vapour at room temperature (about 20°C), with electron free - 
paths greater than the linear dimensions of the electrodes. | 
It has been found that plasma first appears abruptly over a, 
short section of the negative end of the cathode, and spreads ° 
with increasing current along its length. Oscillations occur 
immediately before the plasma forms, and whilst it is spread- 
ing. When the current was just saturated, the potential | 
difference between the positive end of the cathode and the 
neighbouring plasma was still less than the ionization 
potential. 

A few measurements have been made in argon. The | 
discharges at low pressure (about 10~3 mm of mercury) were » 
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similar to those in mercury vapour; at higher pressure (about 
1 mm of mercury) plasmas with more complex structure were 
obtained. 


EXPERIMENTAL ARRANGEMENTS 


Most of the measurements were made with five demount- 
able tubes connected to the pumps. The first tube (I) had an 
open-ended cylindrical anode 6cm long and 2cm in dia- 
meter, in four identical cylindrical sections almost touching 
one another, with separate leads, and an axial 100 je bare 
straight tungsten cathode 6cm long. The second tube (II) 
was similar, but had a continuous anode, and two 100 u 
tungsten probes, each 8mm long, half-way between the 
cathode and anode at each end of the tube. The third 
tube (III) was similar to tube II, with a single 100 x. tungsten 
probe 2mm long which could be moved to any position 
between the cathode and anode. The fourth tube (IV) was 
similar to tube II, but had its cathode interrupted at its middle 
point by a 2 cm length of thicker wire, which did not become 
hot enough to emit electrons; it had probes like those in 
tube II. The fifth tube (V) had a straight oxide-coated 
cathode 6cm long and approximately 50 in diameter, 
parallel to and 7 mm from a rectangular (6 « 1:5 cm) plate 
anode, with a fixed probe like that in tube II at the negative 

end. The position of the filament leads was found to have 
practically no effect; all the data given are for tubes with 
filament leads outside the anode, usually taken to opposite 
ends of the tube. It was also found that addition of caps at 
anode potential to the anode cylinders produced no change 
in the general nature of the results. The probes were cleaned 
by electron bombardment from the plasma before taking 
measurements. 

The cathode, tube and probe currents were drawn from 
accumulators. The fall of potential along the bare cathodes 
- (LIV) was about 12 V, and along the oxide-ccated cathode 
(V), 6 V. The tube and probe current v voitage characteristic 
curves were either obtained with sensitive galvanometers with 
low-resistance shunts (<1 Q), or displayed on a cathode-ray 
oscillograph with a persistent screen and photographed on 
microfilm. Plasma-electron oscillations were detected with a 
cavity resonator, and lower frequency plasma-ion or relaxa- 
tion oscillations with a cathode-ray oscillograph. 


EXPERIMENTAL RESULTS 


Typical semi-logarithmic characteristic curves for three of 
the four anode sections‘ of tube I, measured simultaneously 
with galvanometers, are shown in Fig. 1. The numbers 1, 
3 and 4 refer to different sections, starting with 1 at the 
negative end of the filament. The curve for section 2 was 
almost identical in shape with that for section 1. Potentials 
were measured relative to the negative end of the cathode. 
The characteristics show the following main features: 

(a) On initially increasing the voltage from small values, 
the currents to all segments are small up to nearly 14 V. The 
smallest currents (not shown) give nearly straight lines, with 
abrupt increases of slope at 10-5, 12-0, 13°5 and 13-7 V for 
sections 1, 2, 3 and 4 respectively, as in the space-charge 
method for measuring ionization potentials. 

(b) At 14 V discontinuous changes in current occur to all 
segments, and the voltage falls. Each curve then shows a 
further rise in current with increase in voltage. After this 
the curve for section 1 rises to approximate saturation, with 
an initial section of negative slope. The curve for section 3 
is similar, with a shorter section with large negative slope, 
but an almost horizontal low-current section. The latter is 
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further developed for section 4, and the main section with 
negative slope almost absent. The final rise with positive 
slope occurs for voltages ef 10:6 V upward for each segment 
and approximate saturation is reached for sections 1 and 3 
at the same voltage; section 4 is saturated a little later. 

(c) When an abrupt change in current occurs for one 
segment it occurs for all others. This applies both to the 
large changes shown in Fig. 1, and to smaller changes 
smoothed out in drawing the curves. 


\@) II (2 13 14 
Voltage (v) 
Fig. 1. Current/voltage characteristics for sections of 
tube I. Current is on a logarithmic scale 


Temperature of mercury 18-5°C. Filament voltage 12:3 V. 

The saturation currents have been reduced to a common 

maximum: actual values for the four sections were: 1, 75 mA 
(2, 100 mA), 3, 63 mA, 4, 38 mA. 


The shapes of the tube characteristics for tubes II and III 
were roughly means between those for the segments of 
tube I. That for tube IV was like those for tubes IL and III, 
with an almost vertical rise to saturation, interrupted by a 
discontinuity half-way up. 

The probe characteristics obtained with tubes H-V were 
regular, showing the presence of electron groups“) with 
drift velocity, when the tube current was saturated. Above 
the first low-current discontinuity on the tube characteristic 
(X, Fig. 1), and below saturation, the probe characteristics 
were regular only opposite the negative end of the cathode, 
and for a distance towards the positive end which increased 
with tube current. When plasma was present, it was usually 
2-3 V positive to the anode, with radial changes in potential 
less than 0:5 V. There was a small field parallel to the 
cathode in the plasma, of opposite sign to that in the cathode 
material, of the order of 1-2 V in 5cm. The “ultimate” 
electron concentrations (”,, m2) at any two points were 
related to the potential difference between the points (V) and 
the electron temperature 7, by the formula 


kT 
= as In (1,/n) 


within the accuracy of measurement (0:25 V). 
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The appearance of the discharge, which could not be seen 
clearly in tubes I-IV because of the glare from the cathode 
and obstruction by the anode, was examined in detail with 
tube V; the brighter parts of the discharge appeared to be 
similar in all the tubes. On increasing the tube voltage from 
zero with a filament current of 1-4 A, a thin blue luminous 
layer, covering the entire anode, was first noticed at about 
14.V. The appearance at 14 V is shown in Fig. 2(a). On 
increasing the voltage further the layer became thicker, 
bulging a little at the ends, and at 24 V extended almost to 
the cathode [Fig. 2(b)]. On reaching 25 V the current 


Fig. 2. Diagrams showing appearance of developing 
discharge at various stages in tube V 


Temperature of mercury 16:5°C. Filament voltage 6-0 V. 
Anode (A) and cathode (C) are marked in a. The faint glow 
is shown by diagonal shading, and plasma by square shading. 


increased abruptly from 3 mA to 18 mA, the voltage fell to 
18 V, and a brilliant plasma formed near the negative end 
of the cathode. The faint glow covering the rest of the anode 
persisted, but was reduced in thickness to about 2mm. The 
appearance is shown in Fig. 2(c). With further increase in 
current, the voltage rose slightly and the plasma extended 
along the cathode. A thin blue glow remained on that part 
of the anode not covered by plasma, until the whole of the 
cathode and anode were enveloped in plasma at 20 V and 
150mA. The spread of plasma occurred by small jumps 
when there were small discontinuities in the tube character- 
istic, but otherwise proceeded smoothly. With tube I, a 
similar spread of plasma was noticed outside the anode, 
marked bulging from the negative end of the cathode first 
occurring about where the characteristics started to have 
positive slope prior to saturation. 

The high-frequency oscillatory behaviour of the tubes was 
like that of the cylindrical tubes studied by Armstrong and 
Emeleus,©) and their low-frequency behaviour like that of 
similar tubes studied by Martin and Woods.©  Low- 
frequency oscillations occurred consistently for currents 
below the first discontinuity (X, Fig. 1), both for the 
individual sections of tube I, and for the continuous anodes. 
In each case they were first detected at about the voltage for 
which the change of slope occurred in the linear part of 
the semi-logarithmic anode characteristic. The frequency 
changed very little with voitage, but the amplitude increased 
as point X was approached, monotonically for continuous 
anodes and for sections 3 and 4 of tube I, but with several 
discontinuities for sections 1 and 2, thought to be connected 
with the discharge jumping gaps between sections. The 
waveform was sinusoidal, except near X. A typical frequency 
was 60kc/s, and a typical amplitude of the oscillations 
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measured between anode and cathode, immediately below X, 
was 0:06 V. These oscillations disappeared above point X. 


DISCUSSION 


The special features of the low-current discharges prior to 
“firing” (X, Fig. 1) are the oscillations, and the uniformity 
of appearance of the discharge over the anode. As the 
current from the cathode ‘is not saturated, there will be a 
potential minimum between the cathode and anode. In } 
addition, once the potential is sufficiently large for ionization ~ 
to occur, a potential maximum may develop.” Ifa maximum 
is present, it will move towards the cathode as the current 
increases, whilst the minimum becomes shallower. The 


observations with tube V indicate that firing occurs when ff 


the layer where the potential is a maximum has reached a 
critical distance from cathode C (Fig. 2). A similar spread 
of a faint glow from anode to cathode prior to firing was 
noticed with the discharges in argon at pressures between 
0-1 and 1mm of mercury. The oscillations could be either 
those of positive ions trapped in the minimum, or of electrons 
trapped in the maximum. If both types of oscillations occur, 
their frequencies might be of the same order, the greater 
mass of the ions being compensated for by the larger curvature 
of the potential curve at its minimum; it is conceivable that 
firing is ultimately due to resonance between the two modes. 
The uniformity of-the glow over the anode in tube V was 
surprising, considering the fall of potential along the cathode 
and the fact that primary electrons could not reach the back 
of anode A direct, and requires further investigation. © 

The curves above point X after firing are the result of the 
effects due to the voltage drop along the cathode, superposed 
on the effects due to changes in cathode field at any one 
region. The measurements with tubes I and IV, the probe 
measurements, and the appearance of tube V, together show 
that plasma forms initially over a restricted length of cathode 
at the negative end and spreads with increasing current 
towards the positive end. The shapes of the characteristic 
curves for the individual sections of tube I are generally 
similar to those recorded by Pengelly and Wright®) for nearly 
equipotential cathodes. They are explicable in the same 
way as the curves of Pengelly and Wright, with the differences 
that: (i) there was no detachment of a ‘“‘ball of fire’’ in the 
present investigation, on account of the lower pressure, and 
(ii) much of the neutralization of electron space-space near 
the positive end of the cathode, in at least tubes I-IV, must 
have been due to positive ions which had been formed near 
the negative end of the filament and subsequently diffused 
axially, the primary electrons from the positive end of the — 
cathode having insufficient energy to ionize. 
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Introduction to atomic and nuclear physics, 3rd edition. By 
Pror. H. Semat. (London: Chapman and Hall Ltd., 
1954.) Pp. xii + 561. Price 50s. 


| This third edition of Professor Semat’s Introduction to atomic 
| physics has, as the new title indicates, been expanded to 
j) include much more nuclear physics, which now occupies 
about half of the book. 
It retains the feature, so characteristic of modern American 
| texts, of being designed to bring students rapidly from a 
) state of low to a state of high information content. This is 
achieved by providing introductory summaries of basic 
« electricity and magnetism, by concentration upon the factual 
/ tather than upon the philosophical aspects of the subject, 
/ and by very careful planning of such aids to study as the 
‘diagrams and the numerical exercises that are liberally 
provided. Thus the student who at the beginning has to be 
| reminded about the electrification of a rod rubbed with cat’s 
fur is at grips with the anomalous Zeeman effect midway 
+ through the book. 
Though it is not usual to lead the British second-year 
; undergraduate up such steep but well-fenced roads to the 
F hill-tops, he will find this book extremely useful near the end 
of his course when he is preparing for his final examination. 
Professor Semat has prepared his text with great care and 
: choroughness and has arranged to include quite recent work, 
# sO the book should rank as a reliable and modern work for 
| several years to come. P. B. Moon 


| Applied X-rays. Fourth edition. By Pror. Grorce L. 
CLARK. (New York: McGraw-Hill Book Co., Inc., 
1955.) Pp. ix + 843. Price 89s. 6d. 


| Books about the many and varied applications of X-rays 
| nowadays make a quite impressive list. The present volume 
| is, however, not strictly an addition to the number; the first 
| edition was published as far back as 1927, whilst subsequent 
editions appeared in 1932 and 1940. Nevertheless the last 
fifteen years have seen such advances in the X-ray sciences 
| that the author has had to undertake very far-reaching 
| changes and this fourth edition is almost a new publication. 
The basic plan of surveying all the principal branches of 
| applied X-rays is maintained, but a great part of the text has 
| been revised, or is new. 
Professor Clark has had a profound interest in X-rays 
/ since the early nineteen-twenties. He could claim to have 
| been one of the original advocates of the use of X-ray tech- 
‘niques for practical purposes and in 1927 attempted to 
| portray X-rays as “‘a practical research tool in industry.” 
| Since then experience of the many different contributions that 
| for example X-ray crystallography and radiology have made 
| to knowledge and scientific progress has provided ample 
| justification for many of the author’s views. 
| There are 843 pages in this fourth edition compared with 
| 673 pages in the third. But the format is also enlarged, so 
! that the increase in size is in fact greater than this simple 
page number comparison indicates. Part I on the general 
| physics and applications of X-radiation includes an entirely 
i new chapter on microradiography, as well as considerably 
| expanded texts under the old chapter headings. The new 
| chapter is a concise but useful account of a subject of growing 
| importance to physical metallurgists and others. 


NOTES AND NEWS 


New books 


The second and major part of the book deals with the 
applications of X-ray diffraction. Although methods and 
interpretation are discussed, the main emphasis is on results, 
and the chapters on crystal chemistry, alloys, the texture of 
metals, organic compounds, and glasses and liquids comprise 
an excellent survey of the achievements of X-ray analysis. 
The whole account is sufficiently up-to-date to include 
references to counter diffractometers, to recent discussions 
about the statistical treatment of structure factors, and to 
current models of protein structure, to mention only three 
examples. 

Earlier editions were open to criticism because so few 
literature references were given. The situation is much 
improved in this respect by the addition of many references 
to the literature of the last fifteen years. There is also a 
better subject index than in earlier editions, though since 
names are not listed in the subject index, it is surprising to 
find no author index. 

This is a book that should appeal to a very wide circle. 
The experienced crystallographer may think that individual 
branches of X-ray analysis are covered more completely and 
fundamentally in other texts. As a broad and stimulating 
survey of all the applications of X-rays, however, Professor 
Clark’s account is hardly likely to be bettered in the im- 
mediate future. H. P. Rooxkssy 


Stromung durch Rohre, Umstrémung von Ko6rpern bei 
zweidimensionaler Strémung, Umstrémung von Korpern 
bei raumlicher Strémung. By L. ScHILLER (part of 
volume 4 of the sixth edition of Landolt—Bornstein’s 
tables). (Berlin: Springer-Verlag, 1955.) Pp. 134. 
Price (Vol. 4) DM 288. 


This part, which is concerned with fluid flow, is in three 
divisions: pipe flow, two-dimensional flow, three-dimensional 
flow. Prepared by L. Schiller and others, it comprises a vast 
collection of aero- and hydro-dynamic data in graphical or 
tabular form (with concise verbal explanations of detail) and 
is copiously documented with references to original sources. 
Data for compressible flow are included. The wide range 
covered is indicated by the following selection from the 
contents. 

Pipe flow. Smooth and rough walls; laminar and turbulent 
flow; various shapes of cross-section, divergent and con- 
vergent channels; orifice plates; corners and branches. Flow 
resistance; velocity distributions. Pulsating flow. 

Two-dimensional flow. Flat plates, smooth and rough; 
ridges, protuberances, hollows; flat plates at various angles 
of incidence; circular and elliptic cylinders, prisms; stream- 
line shapes; aerofoils, including scale effect, compressibility 
effects, and cavitation; high-lift devices—fiaps, slots and 
suction. 

Three-dimensional flow. Spheres and circular plates; 
rectangular plates and wings, including sweep-back; ellip- 
soids and airship shapes; cylinders, prisms, hemispheres, 
cones, parachutes, ropes; buildings; beams and lattice girders; 
snow fences; aeroplanes, fuselages, undercarriages; airscrews; 
vehicles; projectiles. 

The material is attractively presented and well produced; 
and constitutes a useful reference work and data source. 

R. C. PANKHURST 
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New books 


Progress in photography. Vol. 2. Editor-in-Chief, Dr. D. A. 
SPENCER, Hon. F.R.P.S. (London: The Focal Press, 
1954)) ee RD eso Oem bticen Os. 


The first volume of Progress in photography covered the period 
1940-1950, and the volume under review brings the story up 
to 1954. It contains 63 articles, mainly by British and 
American authors, though Germany, France and Italy are 
also represented. Articles which largely supplement material 
covered in the earlier volume are set in small type, and it is 
noteworthy that these only account for some 25 pages out 
of 310. 

Most of the articles deal with scientific or technical aspects 
of photography, though about a fifth of the volume is con- 
cerned with the commercial side. The subjects dealt with 
include emulsion theory, developments in apparatus, colour 
photography, cinematography and radiography, while under 
the headings of “Special techniques” and “Special applica- 
tions” we find articles on high-speed and stereoscopic photo- 
graphy, various aspects of photomicrography and_ the 
applications of photography to various fields of research and 
industry. 

The book has considerable value as a work of reference, 
and this is enhanced by the large number of references which 
are given. The index comprises some 700 entries, but a few 
spot checks revealed some omissions. 

J. AINGER HALL 


Engineering dynamics, Vol. 4: Internal-combustion engines. 
By Pror. C. B. BiEZENO and PRor. R. GRAMMEL. 
(Translated by M. P. Wuite.) (Glasgow: Blackie and 
Son, Ltd., 1954.) Pp. ix + 282. Price 50s. 


This book is the translation of a classical work which was 
originally published in German before the war. 


Part I deals mainly with the balancing of engines and does 
so most thoroughly for all conceivable types of in-line, V-, 
W-type and radial engines, and this section provides interest- 
ing suggestions as to possible departures from the conventional 
standard engine designs. However, the present work 
resembles most others in that it makes no attempt to deal 
with the very practical problem of assessing the effects of 
the residual out-of-balance. 


Part Il investigates the factors causing cyclic variations in 
engine speed and cyclic angular deviation. All types of 
engines are considered, with several methods for determining 
the moment of inertia required for a flywheel to obtain a 
specified value of cyclic speed variation. 


Part UI considers the problems presented by torsional 
vibration. It begins by considering the torsional stiffness of 
a crankthrow for the two cases: (a) torques acting at the 
journals, and (6) tangential forces at the crankpins. The 
authors state that the analysis for case (a) gives adequate 
results in most cases, but claim that case (5) requires con- 
sideration for higher modes of vibration. The authors 
assume that the basic problems of vibration are already well 
known to the reader, and obtain natural frequencies by 
means of recurrence formulae, based on methods for deter- 
mining characteristic values which are described in Vol. 1. 
There is little on damping and hence on finite values of peak 
amplitudes. 

For a reader prepared to follow protracted reasoning and 
unfamiliar symbols, this is a valuable reference book on 
theoretical engine dynamics. 

FE, J. NESTORIDES 
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Introduction to nuclear engineering. By Prof. R. L. MURRAY. 
(London: George Allen and Unwin Ltd., 1955.) 
Pp. xiv + 418. Price 30s. 


This book was written to serve as an introduction to the 
atomic energy field for engineering students, and it fulfils 
this purpose admirably. The scope of the subject matter is 
extensive, and almost all aspects of atomic energy are dealt 
with, except the chemical processing of irradiated fuel 
elements. Because of the wide range of topics covered, the 
engineer obtains a balanced picture of the new science. 
Since so many facets of atomic energy are described, the 


treatment of the subject must necessarily be sketchy in a_ 


number of places. However, the book is well supported by 
references, and the reader should have no difficulty in follow- 
ing up his particular interest in a more comprehensive work. 
The examples given at the ends of the chapters are simple 
but illustrative, and because of their simplicity the engineer 
will be encouraged to work through all of them. The 
dimensions of most of the physical constants used are quoted 
in the text, and the author uses the c.g.s. system of units in 
some places to remind the reader that it is not impossible for 
an engineer to work in this system. 

Two minor criticisms of the book are that the section on 
the flow of fluids through particle beds seems to intrude 
rather unnecessarily into the middle of Chapter 10, and the 
reader is left with the impression at the end of Chapter 11 
that electrical power can be produced remarkably cheaply by 
a reactor, since the author does not stress the fact that the 
chemical processing of irradiated rods containing plutonium 
(in order to remove the fission products) may be quite a 
costly business. 

In Section 12.6, it is stated that the temperature effect on 
resonance capture is principally dependent on moderator 


temperature, and numerical values are given for the tempera- — 


ture coefficient of reactivity in support of this statement. — 
However, the temperature coefficient found for the B.E.P.O. — 
at Harwell when the uranium temperature only is raised, is in 
close agreement with the one quoted in the book, which 
would suggest that the temperature effect due to Doppler 
broadening is by no means as unimportant as the author 
suggests. 

The reviewer was surprised to find a reference in Appendix 
A to some simple approximate formulae for Bessel func- 
tions quoting a Master’s thesis at the North Carolina State 
College, rather than the more easily obtainable and pre- © 
viously published results of Guggenheim and Pryce in 
Nucleonics. 

However, these are only small points, and the book is to 
be heartily commended as a first reading to all engineers now 
entering the field of nuclear energy. It is published at a price — 
which is low for a technical work of this kind. 


D. J. LITTLER 


By C. R. Oswin, M.A., F.R.LC. 
(London: Cam Publications Ltd., 1954.) Pp. 268. 
Price 32s. 


This is a textbook prepared from articles previously published 
in The British Packer dealing with commercial wrapping 
materials, their selection and application. The opinions — 
expressed are at times controversial, nevertheless the book 
does provide a useful and needed source of reference. The 
author deserves a better vehicle for his work: the published 
volume abounds in misprints and the printing is abominable. 


V. G. W. HARRISON 
VoL. 6, OCTOBER 1955 
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| Length of papers for publication 


The Editor believes that the view is widely held in some 
laboratories that papers exceeding 3000 words cannot be 
considered for publication by The Institute of Physics in 


either this or its other Journal (Journal of Scientific Instru- 
j) ments). This is not so. Indeed, papers of nearly double this 
length have recently been published. To be acceptable, 
| however, papers must be as concise as clarity allows. 


i The availability of places for physics students in universities 
4 and technical colleges 


The September Bulletin of The Institute of Physics contains 
Ha report on the availability of places for physics students in 
juniversities and technical colleges. It is based on a survey 
:made by the Institute after the Board decided in November 
1954 to investigate the facilities existing in universities and 
| technical colleges for the education of physicists and of the 
rextent to which these were at present being used. Among 
ithe reasons which led to this decision were the public dis- 
}cussion of the need to develop facilities for higher techno- 
+iogical education (to which discussion the Institute has 
contributed over the past few years), and various reports that 
had been presented to the Board on the difficulty experienced 
» by certain technical colleges in securing students for courses 
tin physics for which the colleges were well equipped and 
‘which had been running, in some cases, for several years. 
: the report is based on information supplied by twenty-seven 
; universities and fifty-three technical colleges. 

| The report is followed by the comments of two of the 
i Institute’s committees, the Education Committee and the 
' Membership and Examinations Committee. These comments 
| begin by stating: “The data presented in the accompanying 
‘report clearly indicate that existing facilities for the education 
of physicists in universities and technical colleges in Great 
} Britain are more than adequate for the number of students 
/ who wish to read for an honours degree in physics and who 
leave school with qualifications normally regarded as essential 
/for admission to the honours course.” 

_ The report and comments have been reprinted with the 
\title The availability of places for physics students in univer- 
sities and technical colleges and copies are available free of 
_charge from The Institute of Physics, 47 Belgrave Square, 
London, S.W.1. 


Exhibition of X-ray photography 

A selection of X-ray photographs will be exhibited at The 
Royal Photographic Society’s house, 16 Princes Gate, 
| London, S.W.7, from 13 to 22 December. In addition, ciné 
| films will be shown and several lectures have been arranged. 


| The exhibition will be opened by Mr. W. E. Schall at 4.30 p.m., 
| and at 7 p.m. Mr. Schall and Mr. Cuthbert Andrews will 
speak on the development of X-ray photography in industry 
| and medicine. 

The final date for the receipt of entries is 4 November; 
entry forms are available from the above address. 
Proceedings of the Geneva conference on the peaceful uses of 
| atomic energy 

| The United Nations have announced that the proceedings 
of the international conference on the peaceful uses of atomic 
| energy, held in Geneva in August 1955, will be published in 
| sixteen volumes of approximately 500 pages each. There 
“will thus be available the complete, unabridged record of the 
conference which will comprise all papers, whether presented 
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orally or in written form, together with a record of the 
discussions on each paper. 

These volumes will be published in several languages; the 
English edition will be available in the beginning of 1956, the 
others at a later date. 

The pre-publication price will be (39 (418 guilders or the 
equivalent in other currencies) for the full series of sixteen 
volumes. Advance orders must be received before 31 
December, 1955. Orders for the full set of sixteen volumes 
or for individual volumes (the prices of individual volumes: 
will be announced later) may be placed with any sales agent 
for United Nations publications including H.M. Stationery 
Office, P.O. Box 569, London, S.E.1, and N. V. Martinus 
Nijhoff, Lange Voorhout 9, The Hague, Holland. 

Mimeographed copies of most of the individual papers 
read at the conference are now available at Is. 9d. each, 
1.00 guilder or the equivalent in other currencies. Orders 
for individual papers, giving the full title and author, may 
be ordered through H.M. Stationery Office or through N. V. 
Martinus Nijhoff. These agents do not carry stocks of the 
individual papers but will forward orders to the European 
Office of the United Nations for execution and will accept 
payment for the papers in national currencies. 


Semiconductor symposium 


The Fourth Annual Semiconductor Symposium of the 
Electrochemical Society will be held from 29 April to 3 May, 
1956, at the Mark Hopkins Hotel in San Francisco, California. 
At present it is planned to include two half-day sessions on 
semiconducting materials, elemental alloys and compounds; 
a half-day session on surface-controlled phenomena; and a 
half-day session on chemical process technology. It is hoped 
to present a balanced agenda including one review paper of 
the state of each field, 30-minute presentations (including 
discussion time) of new information which can be scheduled 
by mid-winter 1955, and a number of shorter presentations 
of about 10 minutes’ duration of the “late news”’ type. 

Persons wishing to present papers are requested to submit 
to the Chairman the titles of proposed papers as early as 
possible and no later than 15 November, 1955; submit an 
abstract of approximately 75 words no later than 15 January, 
1956; and submit a second “extended abstract” of about 
1000 words with brief pertinent data, illustrations, curves, 
etc., not later than | February, 1956. 

Persons wishing to present 10-minute “late news” type of 
papers are requested to notify the Chairman as soon as 
possible, giving relevant details and submit 75-word abstracts 
no later than 8 April, 1956. 

The Chairman is J. W. Faust, Jr., Westinghouse Research 
Laboratories, Beulah Road, Churchill Borough, Pittsburgh 35, 
Pennsylvania, U.S.A. 


Journal of Electronics 

We have received the first issue of a journal “devoted to 
electron sciences,” entitled Journal of Electronics and assoc- 
iated with The Philosophical Magazine. The Editor is Dr. 
J. Thomson and the Consultant Editor is Professor N. F. 
Mott. The following comment is taken from the editorial: 
“The field of this journal is not easy to define. In a very 
real sense we shall be concerned with phenomena directly 
attributable to the electron, but since most of the properties 
of matter fall into this category, it is necessary to make some 
distinction between the field of the journal and the field of 
the rest of natural science. In the brochure distributed by 
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the publishers the field was defined as ‘electron SCIENCE). om 
interpreted to mean the description of the behaviour of 
electrons in the free state or in states where their binding 
energy is low,’ which we had hoped describes what the 
editors had in mind.” 

In this first issue of 102 pages measuring 10 x 7 in. there 
are nine papers with the following titles: 


On the initial space charge distribution in a cylindrical magnetron 
diode; The space charge distribution in the pre-oscillation 
magnetron; Theory of the preoscillating magnetron I; Factors in 
the design of power amplifiers for ultra high frequencies; Some 
experiments on a cylindrical electron beam constrained by a 
thagnetic field; On the solution of an equation of electron optics; 
Note on moving striations; A review of the structure and some 
magnetic properties of ferrites; Recent research with an experi- 
mental mass spectrometer. 


The format and typography of this journal are similar to 
those of its parent journal (The Philosophical Magazine); 
although adequate, they are perhaps a little dull and un- 
imaginative for so promising an offspring. The journal is 
to be issued every other month at £1 per issue and the sub- 
scription price for the volume of six issues is £5 10s. Od. 
The publishers are Taylor and Francis, Ltd., Red Lion Court, 
Fleet Street, London, E.C.4. 


Safe transport of scientific instruments 


For purposes of comparison it is often necessary for 
laboratories in different countries to exchange scientific 
instruments. To enable these transfers to be made safely and 
quickly the United Nations Educational, Scientific and 
Cultural Organisation has introduced a scheme in which 
customs officials are present when the instruments are packed 
and unpacked. An internationally recognized label is 
attached to such packages which are then exempt from 
normal customs procedure. 

The governments of those laboratories using the scheme 
provide the Director-General of Unesco, Paris, with a list of 
the laboratories and details of the methods, including customs 
procedure, by which they propose to operate the scheme. 
At present, twenty-two governments have named more than 
180 laboratories as participants in the scheme. 


Conference on lubrication and wear 

The Council of The Institution of Mechanical Engineers is 
arranging a conference on lubrication and wear to be held 
in London from 1 to 3 October, 1957, inclusive. Meetings 
for the presentation of papers will be held each day, as much 
time as possible being allowed for discussion. It is hoped to 
obtain papers covering the whole field of lubrication and wear, 
and the Council invite both members and non-members of 
the Institution to contribute papers to the conference. Those 
interested are invited to submit a brief synopsis of about 200 
words setting out the proposed title and contents of their 
contributions. These should be received by the secretary of 
the Institution at the latest by 1 April, 1956, but notification 


before this date of intention to submit a synopsis would be 
very helpful. 

Copies of the papers will be available before the con-— 
ference; the proceedings, including papers and discussion, 
will be published by the Institution in due course. 

Further information may be obtained from the Secretary, 
The Institution of Mechanical Engineers, 1 Birdcage Walk, 
London, S.W.1. 
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Original contributions accepted for publication in future issues 


of this Journal 


Propagation of transient fields from dipoles near the ground. By H. Poritsky. 

The corona resisting property of polytetrafluoroethylene. By Shigeo Nagao. 

Determination of the velocity of ultrasonic sound in molten salts. By N. E. 
Richards, E. J. Brauner and J. O’M. Bockris. 

Creep and static friction. By R. T. Spurr. 

The effect of standing wave pattern changes in the virtual cathode of an electron 
emitter on the emission characteristics. By W. W. H. Clarke. 

The capacity and field of a cylindrical trough with a plane conductor in the axial 
plane of symmetry. By H. J. Peake and N. Davy. 

Reduction of noise in photoconductive cells. By R. E. Burgess. 

Technical properties of iron powder magnets. By E. H. Carman. 
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THE STRUCTURE OF METALS 


|The first paper, given by Dr. W. H. Taytor (Cavendish 
Laboratory, Cambridge), dealt with some aspects of the 
electron distribution in complex alloys. Aithough confining 
is remarks to aluminium-rich compounds with transition 
metals, Dr. Taylor said that they were of general application. 
The usual elementary treatment of the Brillouin zones of the 
iructures of these compounds gives good agreement, for 
Bpecified “effective valencies,’’ between “calculated” and 
Re ae electron to atom ratios in some cases,(I-4) but 
yoor agreement in others.6-© This naive treatment is, in 
Fact, of doubtful validity for complex structures, and in 
particular in these structures, because of what appears to be 
2 strong interaction between the transition metal atoms and 
aluminiums; also there is often a wide spread of possible 
“calculated” values according to the choice of energy 
+ tabilizing conditions. 

The results of accurate structure analyses show that the 
fniructures may be derived from stacking of simple aluminium 
pheets or from regions of close packing with misfits. The 
fansition metal atoms occur in 9- or 10-co-ordination with 
some of their aluminium neighbours remarkably close, but 
hese near aluminium atoms themselves appear to be small. 
sing / and (Fy — F.) syntheses there appears to be some 
electron transfer from aluminium atoms to transition metal 
atoms in the structures of Co,Al, Mn,SiAly, MnAl,.©) 
pnd Cr,Si,Al,;3,0 but the structure of FeAl, is too 
complicated for the small transfer found in it to be significant. 


Dr. Taylor then considered some of the assumptions and 
approximations which may give possible sources of error in 
electron counts, e.g. variable composition, incoherent scatter- 
ng, the use of two-dimensional Fourier projections, diffraction 
ripples, extinction effects in the critical low-angle reflexions, 
Wack of absolute intensities, and difficulties due to atomic 
Examples were given of the influence of these last 
two effects on the results for CorAlo, MnAl; and Mn,SiAly.®) 
in Co>Al, the presence or absence of electron transfer depends 
bn whether the background electron density is zero or not, 
and in the other cases there is an overall deficiency in the 
htomic scattering factor used for manganese®) in (Fy — F,) 
byntheses, which would reduce the electron transfer found by 
hese syntheses. 

| Dr. W. Hume-Rotuery (Inorganic Chemistry Laboratory, 
University of Oxford) then considered the meaning of valency 
in metallic crystals. He gave the original chemical definition 
bf the term valency in terms of the power of combination 
vith hydrogen atoms, and showed how the development of 
he electronic theory of valency focused attention on the 
humber of electrons concerned in atomic cohesion in different 
lypes of molecule. In the structures of some solid crystals 
olecules can still be identified, e.g. in selenium, whilst in 
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CONFERENCE REPORT 


Summarized proceedings of a conference on the structures and 
textures of metals—London, October, 1954 


The annual Autumn Conference of the X-ray Analysis Group of The Institute of Physics was held 
in the Royal Institution, London, on 22 and 23 October, 1954. The first day’s discussion centred 
on the structure of metals and alloys, whilst on the second day their texture was discussed. An 
evening lecture on dislocations was given by Prof. A. H. Cottrell (University of Birmingham). 


others, e.g. diamond, the whole crystal is a giant molecule 
in which atoms exert their normal valency. Even in inorganic 
chemistry, however, we meet difficulties, e.g. we speak of 
co-ordination number rather than valency in sodium chloride, 
and the structure of cuprous bromide has been treated as ionic 
Cut Br~ and as covalent, both with and without transfer 
of electrons from copper to bromine. 

In metals, the whole crystal may be regarded as a molecule 
in which some electrons belong to the crystal as a whole, 
and in this connexion the term valency has been used with a 
new meaning, i.e. the number of electrons per atom con- 
tributing to metallic cohesion. The fact that the electrical 
conductivity of nickel is due mainly to about 0-65 state 
electrons per atom is sometimes described in terms of a 
“valency” of 0:6, and this is using the word “valency” in yet 
another sense. Supporters of the Pauling resonating bond 
theory“ would say that nickel has a valency of 5-78 to 
indicate the number of electrons in hybrid s, p, d orbitals 
concerned in the bonding, and the numbers 0:6 and 5:78 
are not directly comparable. 

Alloys of some elements of well defined chemical valency 
tend to form characteristic structures at certain ratios of 
valence electrons to atoms,@") and their occurrence has been 
interpreted in terms of Brillouin zone theories.¢2) Some 
authors have attempted to choose ‘‘valencies” which would 
satisfy either a constant electron to atom ratio for a series of 
compounds or would fill a Brillouin zone up to some specified 
limit. In either case this is a new definition of “valency,” 
and in some cases its meaning is obscure. In the case of 
transition metals magnetic evidence may help, but, for 
example, the reported diamagnetism of MnAl,;“3) may be 
reconciled with any (3d)?” electron groups and not only 
(3d)!° groups. 

Dr. Hume-Rothery suggested that for metals and alloys it 
may be well to cease using the term valency, and to speak of 
electron number, abbreviated to Elno or to E.N., and qualified 
where necessary, e.g. bonding E.N., conductivity E.N., etc. 

The final paper of the first morning was given by Pror. 
H. W. B. SKINNER (The University of Liverpool), who spoke 
on the determination of electron distribution in metals by 
soft X-ray spectroscopy. After giving some details of the 
experimental technique,“*: !5) including the information that 
targets could be cleaned satisfactorily by scraping with a steel 
wire brush, and after outlining the relationship between the 
intensity distribution in emission and absorption spectra in 
the region of 10-500A and the distribution of electrons in 
the conduction bands, Prof. Skinner showed results obtained 
from metals of the first and second groups of the periodic 
table.¢4) The kinks on the bands could be associated with 
Brillouin zone overlaps, and these become more numerous 
when the bands from the non-metals carbon, boron, silicon, 
phosphorus and sulphur are examined. 
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Prof. Skinner also showed the ZL and M emission bands 
obtained before the war from the iron group metals.(® 
These bands show no sharp edges in contradiction with the 
results published by Gyorgy and Harvey, '7:!®) and it is 
possible that these authors’ edges may have been produced 
spuriously by their method of continuous evaporation. The 
L and resolved components of the M bands are thought to 
represent substantially the structure of the 3d band of these 
metals and seem to show that this band is without any 
appreciable structure except in the case of zinc and, possibly, 
copper. 

Finally the L spectra from binary magnesium—aluminium 
alloys were shown. Both the aluminium and magnesium 
emission edges become less sharp than from the pure metals, 
in the former case the edge width becoming greater than that 
from molten aluminium. The aluminium band width narrows 
appreciably in the alloy, but it is not possible to note any 
change in the width of the magnesium band, although the 
dip in this band has moved to a lower energy. The results 
of these experiments therefore differ somewhat from those 
obtained by Farineau“®) on the K emission spectra from 
magnesium—aluminium alloys. 

Opening the discussion to this section Dr. K. ROBINSON 
(The University of Reading) supported Dr. Hume-Rothery’s 
suggestion for avoiding the term valence, but did not care 
for the abbreviated forms. He suggested to Prof. Skinner 
that a study of the L spectra from aluminium in the complex 
aluminium-transition metal compounds might be very useful, 
and asked Dr. Taylor whether it might not be better to study 
the spatial electron distribution in simpler compounds before 
considering those of greater complexity. Dr. Taylor replied 
that the increased number of low-angle reflexions from 
structures of medium complexity made this doubtful. 

Pror. G. V. Raynor (The University of Birmingham) 
could not see why the diamagnetism of MnAl, should be 
interpreted in any way other than by (3d)!° electron groups 
and suggested that this filling of the 3d) shell results from a 
building-up of electron pressure, since an alloy of com- 
position MnCug is strongly paramagnetic and MnAl, has 
appreciable paramagnetism. 

Pror. SIR LAWRENCE BRAGG (The Royal Institution, 
London) emphasized the difficulty of knowing where to draw a 
boundary between atoms in attempts to make electron counts. 

Dr. E. Buc (Associated Electrical Industries Ltd., 
Aldermaston) suggested that the soft X-ray emission from 
doped germanium or silicon should be examined, but Prof. 
Skinner said that the impurity concentration would be too 
small. 

Dr. T. Lx. RicuHarps (Imperial Chemical Industries Ltd., 
Metals Division) asked if the outer Brillouin zones of 
aluminium-rich complex compounds had been examined as 
in the y-structures.C° Dr. Taylor replied that they were 
much less prominent. 

Opening the afternoon session Dr. J. W. CHRISTIAN 
(Inorganic Chemistry Laboratory, University of Oxford) 
gave a paper on the crystallography of transformations, 
confining his remarks to those of a martensitic type. Recent 
theories assume that the total atomic movements are 
equivalent to a physical deformation of one structure into 
another. Except for a few very simple transformations, the 
lattice deformations involved in the production of a single 
martensitic plate are not homogeneous. Adjacent very small 
regions are assumed to form by different homogeneous 
deformations, the effects of which partially cancel and 
partially add to give the observed change of shape. Many 
transformations can be explained by assuming the habit plane 
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to be an invariant plane of the observed deformation, and the# 
macroscopically inhomogeneous part of the change to be at 
shear on the twinning plane and in the twinning direction of hi 
the final structure.@! 2”) qi 

In other reactions, the theories (a) retain the assumption} 
that the habit plane is macroscopically invariant and modify If 
the plane of the “invisible” shear,@?:* or (6) assume thatiff} 
the homogeneous part of the total strain is an invariant plane} 
strain with the addition of a small dilatation@> or a uniaxially 
expansion in the invariant plane.@° 7?” Scatter of experi- {6 
mental results makes it difficult to distinguish between the 
predictions of these theories, but twins would not be expected: 
within a single martensite plate in (a), whereas this is quite |} 
possible in (6). Microbeam experiments on single plates of | 
{225} martensite might possibly provide such a distinction. 
Single interface transformations of the type observed in|) 
indium_thallium alloys?@®) would not be probable unless the) 
habit plane were macroscopically invariant. Work on single 
crystals in this system shows the importance of avoiding i 
accumulating long range stresses. The phenomena of inter- 
penetrating bands in polycrystals and other transformation} 
effects may be explained on this basis. The concept off 
“surface dislocation” introduced by Bilby??) may be used to® 
rationalize the interactions of many types of interface. 4 

The structures of uranium alloys were surveyed by Dr.©@ 
P. C. L. Prem (Atomic Energy Research Establishment, @ 
Harwell), who remarked that although our information is by! 
no means complete, it is clear that the alloying behaviour of 
uranium is strongly influenced by atomic size considerations, ™ 
e.g. in the solid solubility of the body-centred cubic elements} : 
niobium, titanium, zirconium, molybdenum, chromium and 
vanadium in y-uranium (Fig. 1). The solid solubility of | 


Nb ¢9 Ti 


TeXe) eft 


Maximum Solubility In %-Uranium In Atomic 4 


Size Factor With Respect To Y—Uranium 


Fig. 1. Maximum solubility in y-uranium as a function 


of size factor 


e = body-centred cubic; = face-centred cubic; 
@ = rhombohedral. 


molybdenum in uranium is particularly interesting in that 
there appears to be a sorting out of molybdenum ‘and 
uranium atoms in the body-centred tetragonal cell to form a i 
superlattice. The variation with composition of lattice} 
parameters of the y’-phase in this system shows a very marked 
increase in c/a at about 30 atomic % molybdenum corre- 
sponding to an overlap of the {002' Brillouin zone faces. i 

A summary of the types of compound found in uranium 
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| plloy systems was shown as in Fig. 2, emphasis being laid 
pa the fact that no compounds are found with niobium 
Hantalum, chromium, molybdenum and tungsten, whilst 
manganese, iron, cobalt and nickel all form tetragonal 
| 6X-type compounds. Dr. Pfeil concluded by reviewing the 
interatomic distances in the UX; (LI,-type) structures, 
showing that although there is a marked contraction on 
jormation, in almost all cases the interatomic distances 
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Fig. 2. Compounds in uranium alloy systems 


—X, X—U and U-—U) are greater than would be expected 
pn the basis of calculations similar to those of Berry and 


| The discussion of these two papers followed. In reply to 
| query by Mr. A. P. Miopownik (Battersea College of 
H(echnology) Dr. Christian said that Geisler’s theoryC” 
night be correct for a nucleation stage, but at the growth 
tage, with which the above theories are concerned, he 
Nelieved it to be either incorrect or indistinguishable from 
hese theories. The theory is difficult to discuss, since it is 
not formulated in a quantitative manner, and predictions 
t}annot be made from it. 

| Dr. T. Li. Richards pointed out that the condition of 
‘tomic correspondence existing between untransformed and 
iransformed structures implies that the operative shear 
‘ystems and habit plane might be derived by straightforward 
irystal geometry, ignoring changes in interatomic distances, 
roviding these were small: In this way it can be shown that 
Ihe {225} and {259} austenite habit planes have correspond- 
ing martensite planes all close to {112* and {111} respectively. 
Che first of these planes contains a common glide direction 
n austenite and martensite, and the {112} planes are twin 
planes of the body-centred cubic lattice. Hence it is likely 
hat strains developed in the surrounding matrix by shear in 
lhe martensite plate may be relieved by a counter shear 
issociated with twinning. The mid-rib often seen in 
Hnartensite plates may well be evidence of such twinning. 
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Summarized proceedings of a conference on the structures and textures of metals—London, October, 1954 


Mr. T. J. HEAL (Fulmer Research Institute, Stoke Poges) 
spoke on the structure of liquid metals and began by describ- 
ing the general analysis of the diffraction patterns from liquid 
metals in terms of atomic or electronic radial distribution 
functions. 

Subtraction from the experimentally observed intensity of 
calculated incoherent and coherent scattering necessitates 
curve matching at high values of s [—47/(sin 6)/A] where 
interference effects can be assumed to vanish. To obtain a 
wide range of s, both Cu Ka and Mo Kz radiations are 
used and this necessitates further curve matching. These 
processes, together with correction for absorption and 
polarization, lead to errors in the final intensity curve of the 
interference effects. In the Fourier transformation of this 
curve the limited range of s gives false ripples.G2) False 
peaks may result from the various errors in /(s). 

The essential difference between electronic and atomic 
distribution curves is the inclusion in the latter of a term 
1/f? which sharpens the peaks but which, for finite limits of 
integration, materially enhances the false ripples. 

Mr. Heal gave a number of examples of atomic and 
electronic distribution curves, and pointed out examples in 
the curves of peaks which could be false.G® Finally the 
following table was presented. This summarizes the pub- 
lished data on liquid metals, and Mr. Heal drew attention 
to the fact that by treating a number of subsidiary maxima 
in the distribution curves as spurious, a striking similarity in 
the structures of the metals becomes evident. 


Published data on liquid metals 


Relative diameters 


Temp. of co-ordination shells No. of atoms 
m.p.(°C) Metal expt. (°C) Ist 2nd 3rd in Ist shell 
659 Al 700 1 1-86 10-6 
321 Ca 350 il 1-86 8:3 

30 Ga 45 1 DAW 229 
i13)5) In 160 1 2:0 5) 
155 In 390 i ZY) 8-4 
186) 200 (re anlins 9:8 
= So) jee we ile 2:0 
Bk AS 70 1 ilo 8 
Poss Bice) 1 ie) 8 
OTS aaa 100 if 9 
OfE Sa INa 400 1 e®) 
232 Sn 280 ip ie) 2°8 10 
419 Zn. 460 1 1°8 10°8 
—189-3 Ar —188:6 1 2-0 10-5 


* Peaks regarded as probably spurious have been omitted from 
these results. 


The final paper of the afternoon session was given by 
Dr. B. Frosr (Atomic Energy Research Establishment, 
Harwell) on the structure of liquid alloys. Liquid alloys have 
many practical applications and in developing alloy casting 
techniques, for example, a knowledge of how physical 
properties of the liquid alloy vary with composition is 
required. If the structure changes which accompany these 
property variations were known, it might be possible, 
ultimately, to formulate a theory relating the liquid-state 
structure to physical properties. 

When two elements of widely differing electrochemical 
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potentials are alloyed together, compounds are usually 
formed which display heteropolar bonding. A number of 
investigators(34-37) have shown that these compounds, on 
melting, retain some of their solid-state characteristics. No 
direct evidence of incipient compound formation in liquid 
alloys has, however, been forthcoming from X-ray work. 
This is due to the difficulty in assessing the relative contri- 
butions to scattering of the two different types of atom 
present. 

Dr. Frost briefly reviewed the possible methods of approach 
to the problem, and then described the work in progress at 
Harwell using the method in which two elements are chosen, 
having almost identical scattering factors (e.g. mercury— 
thallium, magnesium-aluminium, antimony—cadmium); this 
enables the analysis to proceed as for a liquid element. 

Although it is eventually intended to use an X-ray beam 
directed at a free liquid surface, and to use focusing at all 
@-values, preliminary experiments on mercury-thallium 
alloys have been made using a conventional diffractometer 
and a specimen cell having a cellophane window. 

Alloys containing 8°5%, 30%, 34% and 40% thallium 
were prepared. Intensity versus 6 curves for these alloys and 
for pure mercury were obtained and corrected for absorption 
in the cellophane and for polarization of the beam. A first 
peak was obtained at the same value of @ in all cases 
except 30% thallium where a slightly lower value indicates 
a closer packing. Variation of peak intensity with com- 
position was observed which, since all exposures were made 
at 17°C, may be due to the variable distances above the 
liquidus. 

A radial distribution analysis has so far only been made 
for pure mercury, and the d-value corresponding to the first 
peak is 2:69 A compared with 2-70 A obtained by Sauerwald 
and Osswald.G® 

The discussion on the above two papers was opened by 
Dr. U. W. ArnNpT (The Royal Institution, London). He said 
that the reliability of radial distribution functions is always 
difficult to assess, since they are calculated from actual 
intensities whose accuracy may be good at medium scattering 
angles but much less at very low and, more particularly, at 
high angles. In addition, the values of the atomic scattering 
factors and the calculated incoherent scattering are only 
imperfectly known. When the radial distribution curve is 
obtained by Fourier inversion it is difficult to see which of 
its features are related to the more reliable parts of the 
intensity curve and which peaks must be regarded as doubtful. 
Waser and Schomaker@?) recommend multiplying the 
experimental curves by modification functions, whose trans- 
forms are known and which suppress parts of the intensity 
functions at the expense of others without introducing 
“cut-off” and diffraction effects. Dr. Arndt described a 
simpler procedure in which the experimental curve is inverted 
part by part so that the effects of each step can be assessed 
separately. 

Even with these precautions any reasoning based on radial 
distribution curves, especially from hetero-atomic materials 
such as liquid alloys, should be done with care. Whenever 
possible it is preferable to compute an intensity curve from 
a model of the structure and compare this with the observed 
scattering.4% 

The actual process of Fourier inversion can be carried out 
conveniently using 3° Beevers—Lipson strips as described by 
Ross¢) and Whittaker.42) It is convenient to sample the 
intensity curve at intervals of (sin @)/A = 1/120; the radial 
distribution function is then given at 0:5 A intervals. Some- 
times closer intervals of r are required; Dr. Arndt found the 
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interpolation method due to Danielson and Lanczos?) ver? 
rapid in use. a 
Dr. R. E. SMALLMAN (Atomic Energy Research Establish) 
ment, Harwell) referred to the subsidiary maxima whicl}) 
occur on many atomic distribution curves for liquid metals}j; 
and which, as Mr. Heal had pointed out, are probablyé 
spurious. | 
Although the use of Mo Ka radiation to obtain higheilp 
integration limits and the adoption of an electronic distrif2 
bution function in preference to an atomic one are sound it 
principle, the errors introduced in practice are likely to bef 
more serious than those being corrected. The use of Mo Kot} 
in addition to Cu Ka radiation, simply moves subsidiary! 
peaks nearer the main maxima; this, though lessening the, 
tendency to ghost formation, may lead to their being includecy 
in the area under the main maxima thus giving a false valuclf 
for the co-ordination number. The use of the electroni® 
distribution function results in reduced resolution. ; 
Dr. Smallman drew attention to the need for caution iri 
deducing the existence of molecular formation from the! 
appearance of discrete peaks in the distribution function. He) 
concluded by pointing out that errors due to finite integration) 
limits can be calculated, and that it is the “unknown” errors 
such as absorption, which are serious. 


DISLOCATIONS 


In the evening discourse, Pror. A. H. CoTrreLL (University® 
of Birmingham) reviewed the general subject of dislocations 9} 

After enumerating the various methods by which dis: ‘ 
locations can be detected, Prof. Cottrell continued by) 
describing how certain foreign atoms are strongly attracteci 
to dislocations and segregate to them even when present itp: 
minute amounts. In covalent crystals these atoms attack® 
themselves firmly to unsatisfied chemical bonds at the centres#i 
of dislocations, thereby immobilizing the dislocations ® 
Silicon and germanium, for example, are ductile at tempera-# 
tures at which the impurity atoms “evaporate” off the dis-9 
locations and are brittle at temperatures at which they 
“condense” on to them. At intermediate temperaturesif 
plastic yielding occurs abruptly at stresses sufficient to pul@ 
the dislocations away from their impurity atoms. In metals 
the impurities are bound less strongly to dislocations, by) 
forces of an elastic rather than a chemical nature, which may 
be one reason why metals are generally more ductile tharf 
non-metals. Certain impurities are highly potent even irff 
metals, however, and produce striking effects on mechanica 
properties. The well-known brittleness of chromium, for) 
example, appears to be caused by minute amounts of nitrogen. 
an impurity which is known to be strongly attracted tc} 
dislocations in several metals. ‘ . 


THE TEXTURE OF METALS Gc 


The papers on the second day of the Conference were 
devoted to the texture of metals, the opening paper being 
given by Dr. P. B. Hirscu (Cavendish Laboratory, Cam: 
bridge) on some observations on the cold-worked state. : 

Dr. Hirsch first reviewed the evidence on dislocatior| 
density and distribution in unworked crystals. Observations) 
on growth spirals have shown that the density of screw 
dislocations in metal crystals grown from the vapour is 
approximately 10* per cm?; in non-metallic crystals it varies) 
On germanium crystals growr 
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" om the melt, rows of etch pits of density approximately 
0°108 per cm2, have been interpreted as walls of edge dis- 


Hpcations, and the agreement between’ the calculated and 
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measured angles of tilt across the boundaries is excellent.(45) 

ore complicated types of boundaries have been detected 
n aluminium crystals,4¢® but these have not been analysed 
hn terms of a definite distribution of dislocations. X-ray 
ineasurements of dislocation densities in annealed metal 


Wirystals grown from the melt have so far shown densities not 


Ixceeding 10°-108 dislocations per cm2.(47) 


§| Turning to worked crystals, Dr. Hirsch referred to the 


I 


if 
V 


Hlirect evidence on distributions of dislocations derived from 
Gisual observation on slightly worked and partially annealed 


irystals of silver bromide subsequently exposed to light. The 
Hensity of dislocations is found to be approximately 
#/0°-107 per cm?.48) Indirect evidence is derived from 

K-ray microbeam experiments on metals, which have shown 
Jat the dislocations are not randomly distributed but are 

foncentrated in certain boundary regions with densities of 
Hislocations between 10° and 10!! lines per cm?.(47) 


§| Dr. Hirsch concluded by comparing briefly the various 
f tmnds of studies that can be made in this field with the various 


vailable techniques, such as electron transmission micro- 
FOPY. dark field microscopy, low-angle X-ray scattering, and 
Tay microbeams. 
i) Pror. A. J. C. Witson (University College, Cardiff) spoke 
pext, on the effects of dislocations on X-ray diffraction.* 
§; No satisfactory general theory of the effect of dislocations 
#5 X-ray diffraction exists. In Wilson’s treatment,@% which 
H;rovides integral breadths for a powder consisting of 
#- indrical particles each with a single axial screw dislocation, 
Hc actual expressions, though complex, lead to breadths 
Becreasing almost linearly with J, the index of reflexion 
lorresponding to the dislocation axis. Although the results 
Jian be generalized to give approximate breadths for similar 
Garticles with edge dislocations,©° >!) expressions for (a) the 
Wine profile for a crystal with a single dislocation, and 
ip) breadths and profiles for crystals with more than one 
Hislocation, have not been obtained. 
| Prof. Wilson then turned to the general problem of inter- 
( jreting the line profiles observed with cold-worked metals. 
Villiamson and his collaborators have found that these are 
Wipproximately of the Cauchy form. This tends to zero 
Wither slowly, as the inverse square of the distance from the 
Hentre of the line, and Williamson and his collaborators©? >3) 
Bes suggested that this long tail is associated with the region 
if high distortion near the dislocation axis. A calculation of 
he line profile, based on the approximate treatment of strain 
i, oadening by Stokes and Wilson,©”) offers no support for 


is, but suggests an approach to zero as the inverse cube of 


he distance from the centre of the line. Eastabrook and 
ilson©>) have devised general arguments to show that, if 
he distorted crystal is large enough to contain several positive 
ind negative cycles of strain, the line profile is likely to be 
Ine of the Cauchy type. In all probability, therefore, the 
auchy distribution does not specifically indicate the effect 
f dislocations. ; 
| In the paper dealing with deformation faults in cold-worked 
Ibpper given by Dr. G. B. GrEENOUGH (Department of 
Metallurgy, University of Sheffield) and Mrs. E. M. SmirH 
Royal Aircraft Establishment, Farnborough), Dr. Greenough 
oke of some experiments©® on cold-worked copper which 
: d become of interest since the publication of the more recent 


Us This paper has now been published in full in Nuovo Cimento, 
pp. 277-283 (1955). 
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theoretical work of Paterson®”) on the effect of “deformation 
faults” in a face-centred cubic lattice on the positions and 
breadths of diffraction lines. 

X-ray photographs had been taken of copper filings, the 
broad diffraction lines photometered and separated into their 
a; and a components, and the Bragg angle for the a, peaks 
determined. Comparison with the Bragg angles determined 
in the same way for annealed filings showed that the difference 
between the 6-values for lines having (h? + k? + /?) = 19 
and 20, was significantly less in the cold-worked copper than 
in the annealed. This result agrees with the theoretical 
prediction made by Paterson for stacking faults parallel 
to (111). 

Since in the experimental work it was probable that de- 
formation faults existed parallel to all possible {111}, whereas 
the theory was developed for one particular set of (111) 
planes only, a detailed quantitative comparison between 
theory and experiment is not possible. However, Dr. 
Greenough had found that if the effects of faults on various 
{111} planes are linearly additive, the results indicate that 
there is 1 stacking fault every 600 planes. If it is assumed 
that, on average, slip stops in the faulted position on half the 
planes, then the average distance between slip planes is 300 
planes (600 A). Dr. Greenough compared this figure with 
the size of the crystallites (6000 A) deduced by Gay and 
Kelly©®) from microbeam photographs and with the spacing 
of the lines of “‘elementary slip structure’? (300 A) observed 
by Kuhlmann—Wilsdorf and Wilsdorf©) by electron micro- 
scopy. The stacking fault and microscope values appear 
to be in agreement, but the crystallites of Gay and Kelly 
are larger than the distance between operative slip planes. 

The discussion on these three papers was opened by Dr. 
G. K. WILLIAMSON (Atomic Energy Research Establishment, 
Harwell), who paid particular attention to Dr. Hirsch’s. 
paper. Estimates of dislocation densities from microbeam 
experiments appeared to be lower than the generally accepted 
values, and a recent analysis of X-ray extinction by Dr. 
Smallman and himself had suggested that the density must 
exceed 107 dislocations per cm? in annealed filings. Referring 
to the various difficulties in the different methods, Dr. William- 
son asked whether in the microbeam method, allowance was 
made for screw dislocations and how the one-dimensional 
nature of the results was taken into account. 

In reply, Dr. Hirsch pointed out that estimates of dis- 
location densities based on extinction cannot be relied upon. 
In the microbeam analysis, screw dislocations had been 
taken into account and although the analysis was one- 
dimensional, Dr. Hirsch felt that correction to  three- 
dimensions was not likely to alter the order of magnitude. 
He agreed, however, that the averaging process used is crude 
and should be improved. The accuracy of the estimates 
derived from microbeam methods was limited to a factor of 
the order of three. 

In connexion with Dr. Greenough’s paper, Dr. Hirsch 
said that the theory of X-ray diffraction from stacking faults 
applies only to the case of planes of stacking faults of infinite 
extent, and requires extension to the case of stacking faults 
of limited extent. 

Dr. T. Li. Richards asked whether Dr. Greenough had 
considered if elastic anisotropy could account for the dif- 
ference in spacings derived from the 19 and 20 reflexions of 
cold-worked copper. Stokes, Pascoe and Lipson©) had 
shown that differences in line broadening of the different 
reflexions could be almost wholly explained by elastic 
anisotropy. Furthermore, Williams!) had shown, by 
electron diffraction measurements, that there were significant 
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differences in the lattice spacings of the various planes near 
to the free surfaces of evaporated metal particles. In this 
instance also the differences could be accounted for on the 
basis of elastic anisotropy. 

In reply Dr. Greenough said that he could not visualize a 
mechanism whereby elastic anisotropy might account for his 
results. 

Dr. J. S. HALLIDAY (Associated Electrical Industries Ltd., 
Aldermaston) drew attention to the work of Wright ©) who 
found by ‘electron diffraction, a hexagonal modification of 
gold in some evaporated films. These films were composed 
of the normal face-centred cubic gold which was strongly 
oriented with the {111} planes lying in the plane of the film, 
and the hexagonal modification which was oriented with the 
basal plane in the plane of the specimen. Precision measure- 
ments: 4) showed that the face-centred cubic reflexions 
were displaced from their normal positions. The general 
character of these displacements was similar to those found 
in gold leaf) and in lithium fluoride and copper speci- 
mens.) The displacements of the evaporated gold face- 
centred cubic reflexions, which were in an opposite sense to 
those previously found for gold leaf, are most certainly due 
either to strains in the crystallites or perhaps to faults which 
may be similar to the stacking faults described by Paterson.©”) 

Tn reply to questions by Dr. K. W. ANDREWS (The United 
Steel Companies Ltd., Sheffield), Dr. Greenough confirmed 
that deformation faults would cause points to fall off lattice 
parameter versus f(@) plots and made some observations 
about the connexion between changes in lattice parameter 
and line broadening due to cold work. 

The last part of the session on the texture of metals consisted 
of three papers, the first being given by Dr. E. A. CALNAN 
(National Physical Laboratory, Teddington) on the develop- 
ment of deformation textures. 

After briefly reviewing previous treatments for the 
explanation of deformation textures, Dr. Calnan outlined 
the method of Calnan and Clews® which, though not 
rigorous, has the advantage of not involving too great an 
amount of computation and is applicable to all structure 
types. The starting point is that a grain in a polycrystalline 
aggregate does not slip immediately the applied stress resolved 
on the most favourable slip system reaches the critical value, 
otherwise cohesion could not be maintained at the grain 
boundaries. Therefore the constraints imposed by neighbour- 
ing grains must be such as to give an effective stress at a 
slightly different orientation so that the critical value is not 
attained. The probable paths along which the effective stress 
will move are considered, these involving regions where 
single, duplex or multiple slip systems are most favourable. 
Since the deformation is visualized as a step-like process with 
successive elements of slip occurring at varying positions of 
the effective stress along its path, there will be corresponding 
amounts of single, duplex and multiple slip. Associated with 
each of these will be the appropriate rotation of the crystal. 
From a consideration of these component rotations the 
general trends of rotation are obtained, so leading to the 
deformation textures. 

Examples of the derived rolling textures and the correspond- 
ing experimental determinations, were given for uranium rods 
and magnesium, zinc and titanium sheets. Dr. Calnan also 
considered copper and «a-brass which although having the 
same slip systems, develop different textures. 

Finally, Dr. Calnan referred to the evidence of Hibbard”) 
of drawing texture differences in copper alloys. If one 
considers the stresses in drawing through a circular die as 
simulated by a circular array of compressive radial stresses 
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together with the main tension, then the treatment he had i 
described gives an explanation in agreement with experiment. jf 
An important point to note here, however, is that the brass} 
type texture is obtained with various solute elements. The 
amount of solute required appears to depend on an atomic(fi 
size factor. ; 

The next paper, on practical texture investigations, was jj 
read by Dr. K. W. ANDREws (The United Steel Companies }j 
Ltd., Sheffield). ; . 

With the term “texture” used in the broad sense andjf 
including the size, shape and possible internal strain of} 
grains, as well as their orientation, Dr. Andrews gave aie 
general survey of some of the developments in techniques # 
and methods of interpretation which have been reported ing 
recent years. 

In crystal size determination, the microbeam technique has 
nearly bridged the previously existing gap between 10-38 
and 10-5cm, and Hirsch‘68) has recently described an 
extrapolation method capable of high accuracy, in which the} 
number of spots on a ring is a function of the ratio of two# 
exposure times. Information has also been obtained by 
microbeam methods of particle shape and distortion from@ 
tangential and radial breadths of spots. 

Sub-grain structures can be studied by the X-ray micro- 
scope of Berg, Barrett and Honeycombe”)) and, ini 
certain cases, by a technique due to Goldschmidt) which jf 
uses synchronism between specimen rotation and pulse i 
frequency of the X-ray beam. 

Much of the recent work on deformation of metals has @ 
employed either Laue patterns or spotty Debye—Scherrer @ 
rings. Altogether these techniques are not new, they are§ 
being used with greater certainty in interpretation. a 

The widest applications of these various techniques have§ 
been in the study of the effects of plastic deformation on 
metals and the understanding of their mechanical strength. 
This fundamental understanding will undoubtedly have 
practical industrial applications, especially, perhaps, in) 
regard to creep and fatigue. Dr. Andrews emphasized that # 
the same techniques and methods of interpretation can also i 
assist in the elucidation of ad hoc industrial problems, e.g. in) 
the determination of grain size, “degree of cold work,” # 
recovery and recrystallization. As examples, Dr. Andrews %& 
referred to some recent examinations made in his laboratory % 
of the degree of cold work in sand-blasted surfaces and the if 
recovery and recrystallization of bent tube. = | 

In the study of preferred orientation, a number of special 
cameras and goniometers have been reported.(73-77) Dr. @ 
Andrews described some important work on_ preferred § 
orientation determinations on titanium®’>79) and uran-'§ 
ium.(77; 89,81) Of particular interest is the result that the lf 
textures found for a-uranium under certain conditions © 
of deformation, can be explained on the basis that o- 
uranium, though orthorhombic, is very nearly close-packed} 
hexagonal. (77) 

Dr. Andrews finally reported an X-ray examination he has 
made of annealed stainless steel wire. Such material is 
known from microscopic examination to be twinned and the’ 
X-ray examination has now for the first time shown faint: 
extra intensity peaks which are probably accounted for by 
this twinning. 

The final paper of the Conference was by Dr. T. LL. 
RicHARDs and Mr. D. E. YEOMANS (Imperial Chemical} 
Industries Ltd., Metals Division) on the principle of the) 
unextended cone in the plastic deformation of metal crystals. 

Dr. Richards, in presenting the paper, said that the principle’ 
of the unextended cone is well known in elasticity theory 
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where strains are usually small or, as Dr. Christian had 
| shown in an earlier paper, in the theory of transformations 
| where strains are quite specific. The application to plastic 
: | deformation, however, where the magnitude of strain is 
| varying, was, he believed, novel. 
| Dr. Richards then indicated the significance of the un- 
extended cone in relation to the various possible: forms of 
§ishear in metals of cubic symmetry under simple tension and 
|compression. The unextended cone of plastic deformation 
Hican be defined for any small increment of finite strain on the 
i ; basis that, with no change in volume, an extension increment 
#1 ¢ is accompanied by a lateral contraction te. 
) Most metals having a face-centred or body-centred cubic 
#\ structure are elastically and plastically anisotropic with a 
minimum Young’s modulus in a <100> direction, so that a 
7 stress applied to a single crystai in any direction extends the 
}} crystal preferentially along the nearest <1005 direction. Also 
iif one assumes that in cubic metals the atoms are most 
§; strongly bonded in directions of closest atomic packing, then 
# such directions would be expected to be the least extensible 
| i and thus be directions of shear in plastic deformation. Dr. 
F Richards demonstrated how, for the purpose of considering 
}ihe plastic behaviour of metal crystals, one may regard the 
; close-packed directions as being almost rigid and the crystal 
tattice simply as a three-dimensional “‘garden trellis’? which is 
most easily extended along one of the cube axes. 
Considering face-centred and body-centred cubic crystals 
Fin turn, Dr. Richards showed that for all the various modes of 
§} crystallographic shear, the shear direction and/or normal to 
i the shear plane lie in or near the surface of the unextended 
§; cone of strain along the nearest «1005 direction. 
While not wishing to detract from the theory of deformation 
} textures developed by Calnan and Clews, Dr. Richards felt 
that a theory based on the unextended cone was more rational 
}. and simpler to understand. The Calnan and Clews treatment 
#: makes no reference to actual tension textures of face-centred 
| cubic metals which are usually composed of various pro- 
portions of <100) and <111> textures. On the unextended 
\ cone theory, the <100> texture is one in which the normals to 
ithe four possible (111) slip planes are tangential to the 
§) unextended cone of extension in <1005, whereas for the 
<111> texture, the normals to the three (100) planes are 
| tangential to the cone of tension in (111). <i10> {100} has 
been shown to be a secondary mode of slip in aluminium 
| crystals. 
In reply to Dr. Richards, Dr. Calnan said that wire and 
| rod textures are not strictly comparable with tension textures 
' since the radial compressive stresses exerted by the die or 
the rolls influence the texture development. Dr. Calnan felt 
that there was need for more measurements of pure tension 
| textures; his own measurements®” gave sorne evidence that 


| somewhere between. 

| In discussion of the last three papers, Dr. R. E. Smallman 
| spoke of the considerable interest in the problem of determin- 
i ing to what extent fundamental properties on an atomic scale 
| may be predicted from microscopic properties. To investigate 
| this, deformation textures for many common face-centred 
| cubic metals have been determined using a quantitative 
i counter technique. All exhibit approximately (123) [121] 
i texture in contrast to the usually quoted (110) [112] texture 
| for face-centred cubic alloys having the same deformation 
| modes as the pure metal. 

| From studies of the variation in texture with increasing 
| solute content in copper, aluminium, nickel, gold and silver, 
) the work to date indicates that it is the interaction of solute 


Vow. 6, NOVEMBER 1955 


the tension end-points were not [100] or [111] but were © 


383 


Summarized proceedings of a conference on the structures and textures of metals—London, October, 1954 


atoms in solution which governs the texture transition from 
(123) [121] to (110) [112]; any physical property such as 
yield point formation, the extent of the region of low work 
hardening, the degree of overshoot or hardenability of active 
and latent slip planes, are all related to the transition. 


K.. ROBINSON 
E. G. STEWARD 
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Reduction of noise in photoconductive cells 
By R. E. Buraess, B.Sc., A.M.LE.E.,* Radio Research Station, Slough, Bucks. 


[Paper first received 18 April, and in final form 15 August, 1955] 


The factors determining the signal/noise ratio of 


photoconductive cells are briefly discussed and 


attention is drawn to the importance of the noise generated at the electrode contacts when 


current is flowing through the cell. 


Means are described for reducing or eliminating this com- 


ponent of noise by means of potential probes near the electrodes combined with suitable external 
circuits. 


A photoconductive cell consists essentially of a strip of semi- 
conductive material with metallic electrodes; the increase of 
H\its conductance on illumination permits the detection and 
le ent of the incident radiation. The excitation of 
;carriers by the radiation may either be extrinsic (involving 
}iimpurity or imperfection levels) or may be intrinsic corre- 
#isponding to electron transitions from the valence to the 
Hiconduction band. For extrinsic excitation, carriers of one 
[sion only are liberated while the intrinsic process produces 
i equal numbers of electrons and holes. The type of process 
Hwhich is important in any given case depends upon the 
Helectronic energy level structure of the semiconductor and 
Bupon the wavelength (i.e. the photon energy) of the incident 
Hight. The transient and the steady-state response will 
depend upon the reaction kinetics of the carrier densities 
Jiunder illumination, and this will be determined by the nature 
of traps and recombination centres present in the material 
j band on its surface,” 
}. The sensitivity of such a device for the detection of weak 
baintion is limited by the noise generated by the cell under 
}}the conditions of measurement of its conductance.2 Usually 
fdicect current is passed through the cell in order that the 
I increase of conductance will appear as a voltage change in 
the circuit. The incident radiation is commonly ‘“‘chopped’’ 
ie.g., by a perforated disk or shutter) and the signal voltage 
His amplified in a resonant system tuned to the chopping 
ifrequency, which will usually lie within the audio-frequency 
irange. 

— Certain components of the cell noise may be regarded as 
}fundamental, i.e. thermal noise and those due to temperature 
‘ifiuctuations in the cell and photon fluctuations in the incident 
Wiradiation. Other components of noise (termed ‘‘excess noise’’) 
Siarise from the passage of current through the cell and may 
ibe classed as shot noise and modulation noise.@) Shot noise 
arises from the drift motion of the carriers under the applied 
Wifield and has a spectral intensity which depends upon the 
| density, lifetime and mobility of the carriers, as well as on 
i he applied field and the geometry of the cell. Modulation 
Minoise is the term applied to the gross variation of the 
| urrent flow due to fluctuations in the generation rates of the 
Mcarriers or in the transmission properties of the barriers 
through which the carriers must pass. These effects can 
larise at the surface of the semiconductor, at barriers which 
joccur between crystallites in polycrystalline material and 
r articularly at the junction between the metal electrodes and 
the semiconductor. 

| The experimental attributes of the excess noise are that: 

(i) its spectral density decreases with increasing frequency ; 
\ii) its intensity increases with increasing current, at first 
slowly then more rapidly; and (iii) its intensity depends very 

markedly on the fabrication, structure, surface treatment, 
land contact conditions of the cell to such an extent that noise 


a 


* Now at University of British Columbia, Vancouver, Canada. 
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reproducibility from one sample to another, nominally 
identical, is very poor. 

The signal sensitivity of a cell expressed as the ratio of the 
fractional increase of conductance to the intensity of illu- 
mination (AG/GL) will depend upon the wavelength of the 
light and will decrease with increasing frequency of modulation ~ 
of the light intensity. 

Thus the signal/noise ratio tends to its maximum when: 
(i) the frequency of the light modulation has the optimum 
value at which the decrease of sensitivity and the decrease of 
noise with increase of frequency offset each other; and 
(ii) the current through the cell is given the optimum value 
at which the increases of signal voltage and of noise voltage 
with current offset each other. For such an optimum to 
exist, if the noise voltage depends upon the current as J” 
then 1 must be less than unity for low currents and greater 
than unity for large currents. 

Fabrication of the cell to minimize its noise is at present 
largely an empirical process. In view of the earlier remarks 
on modulation noise it is clear that a cell would ideally be © 
made from a monocrystal whose surface condition (both 
physical and chemical) had been carefully treated and with 
electrodes applied such that ohmic (barrier-free) contacts 
were obtained. There is experimental evidence4:5) that 
photocells with a good bulk signal/noise ratio are handicapped 
by very considerable noise at the electrodes, even when these 
are carefully made. It is therefore relevant to examine means 
of reducing or eliminating electrode noise since such a step 
should result in the limiting noise being only that of the bulk 
photoconductor which is inextricably associated with the 
signal generation process. 

Two methods of achieving this are described and involve 
the use of potential probes applied to the cell. 


USE OF POTENTIAL PROBES TO REDUCE OR 
ELIMINATE ELECTRODE NOISE 


First let us consider the simple scheme shown in Fig. 1(a). 
If illumination changes the cell resistance R from Ry to 
Ro — AR (where AR < Ro) thé signal voltage is given by 


BM ESPIN EE SRy AR 
OT (Re) SEER Ro 


For a given cell current J) the greatest output voltage is 
obtained by making S as large as possible. It is not correct 
to assert that the greatest voltage is obtained in the matched 
condition (S = Ry) since this only maximizes Vosttorats 
regarded as constant, whereas in fact the appropriate para- 
meter in practice is the cell current, since for maximum 
response the cell current would be maintained at its optimum 
value under conditions of variable load resistance. 

The noise will have three components: the cell noise, the 
noise of the load resistance S and the amplifier noise. The 
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latter two should be minimized and this means using, if 
possible, a wire-wound resistor for S or, failing that, a film 
resistor which does not generate noise comparable with the 
cell under the relevant conditions of current and frequency. 
It will be assumed that the noise of S and the amplifier have 
been reduced below cell noise so that we have only the 
signal/noise ratio of the cell itself to consider. 


to tuned 


modulated R S ne 
amplifier 


light 


varied by 
(6) — illumination 


Fig. 1. 


(a) Basic photoconductive cell circuit. 
(b) Equivalent signal and noise circuit. 


Simple two-electrode cell 


The cell noise is assumed to consist of two e.m.f.’s e, and ey 
at the two ends and a third e.m.f. e, in the bulk [Fig. 1(d)]. 
Although the resistances R,; and R, of the contact regions at 
the end may be very small (e.g. one thousandth) of the bulk 
resistance R, between the electrodes, one or both of the 


noise e.m.f.’s e, and e, may appreciably exceed e,. The 
signal/noise ratio of the cell is given by 
V, Roa Oak IpAR Q) 
€, + &y + 22 S Cpe Gi eaieep 


which is independent of S for a given cell current Jp. 
Now let two low-resistance potential probes be applied to 
the cell near the electrodes so that the major part of the bulk 


Fig. 2. Electrode noise reduction using potential probes 
[with |Z(f)| sR 
(a) Scheme using potential probes. 
(6) Equivalent signal and noise circuit. 
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resistance is included between them [Fig. 2(a)]. The signal | 
is taken off from between these probes and the circuit is) 
arranged so that no direct current flows in the probes and | 
hence they generate no additional noise. The battery voltage $F 
E is applied through an impedor Z which transmits direct 
current but has a high impedance at the frequency of opera- 
tion (i.e. the light modulation frequency). The equivalent {6 
a.c. circuit is shown in Fig. 2(b) in which R,, and R, represent | 
the spreading or contact resistances of the two probes. Ify 
the thermal noise of the probe resistances is negligible then $f 
the signal/noise ratio at the probe terminals becomes 


Ip. AR 
ep = K(e, oe €>) 


K = R,/(R, + Ry + Z) (4) 


which is a factor determining the extent to which the noise /k 
at the electrodes is reduced relatively to the bulk noise. % 
Clearly if |Z| is sufficiently large compared with the cell 
resistance the electrode noise is effectively suppressed. Thus [fF 
ideally Z would consist of a parallel resonant circuit tuned jf 
to the measuring frequency. Practical considerations may, % 
however, prevent the attainment of a sufficiently large value } 
of Z, especially if the cell resistance is high. In this case a § 
method of balancing out the e.m.f.’s e; and e, by a bridge-like 
circuit is desirable and this may be achieved in the following # 
way. 7 

In Fig. 3(a) a resistor Q, connected between electrode 1 & 
and probe | through a capacitor C, will, if suitably adjusted, © 


@)) 


where 


C, 


(a) S 


Fig. 3. Electrode noise cancellation using potential 

probes (illustrated for cancellation of noise e.m.f. e3 

similar technique may be simultaneously applied to 
cancellation of noise e.m.f. e5) 


(a) Scheme using potential probes with balancing circuit. 
(b) Equivalent noise circuit showing bridge cancellation of e;. 


balance out the effect of the electrode noise e.m.f. as Fig. 3(b) 
indicates. The capacitor C, is included to prevent the flow | 
of direct current in the probe circuit and it must be sufficiently 
large to make its impedance small compared with Q,;. Then 
a probe potential difference contains no noise from e 
when 5 


OF [R, (Ro Th S)I/R, (5) 4 


This technique has been tried experimentally in the Depart- - 
ment of Physics, University of British Columbia. The # 
following numerical values are typical of a monocrystal of } 
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i silicon or germanium of 50 Q cm resistivity, 2cm long and 
! 1mm square cross-section. Ry = 10000 Q, Ry = 100 Q, 
i R,+S ~ S = 100000 £2 whence Q, = 1000Q: Thus for 
i an operating frequency of 1000 c/s the capacitance C, should 
i be about 1 wF. Alternatively S can be shunted by a capaci- 
tance Co such that the phase angle of the S + R, arm is 
i equal to that of the Q, arm. 
_ Exactly the same procedure may be simultaneously applied 
}}| to the other electrode so that neither of the noise e.m.f.’s ey 
ji and e, contributes to the output voltage between the probes. 
| This technique may also be applied in the study of noise in 
4 semiconductor filaments in which it is desired to avoid the 
Hi effects of conductance modulation produced at the electrode 
| contacts. 


#:Garlier methods for the measurement of the velocity of 
ultrasonic vibrations in liquids¢—”) involved techniques with 
icontacts between the sound source and test liquid and are 
Withus not to be considered at high temperatures. A pulse 
} reflexion method®) has been used up to 450° C but results 
})from it appear to be inaccurate in respect of temperature 
Hicoefficients.°:! The main problem in devising a technique 
Wiapplicable to molten liquids is the elimination of contact 
Ti between the sound source and the liquid. Consequently, it 
Wiwas decided to use a phase interference approach!) and to 
ipropagate the ultrasonic longitudinal waves in and out of 
| the liquid along quartz rods on which the source and receiving 
jtransducers were mounted out of contact with the melt. 


APPARATUS 


| The furnace used for these experiments is shown in Fig. 1. 
§|The furnace tube P, was a stainless steel cylinder which was 
ijsupported on a stainless steel plate D, soapstone block C, 
and the asbestos base plate B. The tube was wound with 
six separate windings F, which were connected to terminals 
Q mounted on the case. These heating coils were encased 
y with a layer of alumina refractory cement E. Each coil was 
p provided with a shunt for smoothing out temperature 
igradients. By appropriate settings of the shunts it was 
possible to obtain a 24-3 in. zone where the temperature 
Hegradient was less than 0-4° Cin.—!. With a variable trans- 
iformer control the temperature could be held constant to 
within +1° C in the range 400-1000° C. Water cooling for 
lthe top and lower furnace case plates was provided by the 
itube coils J, whilst the silica tube H gave access to the furnace 
ube. The furnace case A was lagged with insulation G. 

A screw control L was mounted on the steel plate J, by 
means of the aluminium rod K. This threaded control 
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} Determination of the velocity of ultrasonic vibrations in molten salts 


By N. E. Ricwarps, M.Sc., A.N.Z.LC., E. J. BRAUNER, B.S., and J. O’M. Bocxris, D.Sc., Ph.D., F.R.I.C., 
University of Pennsylvania, U.S.A. 


[Paper first received 13 June, and in final form 11 July, 1955] 


An apparatus for the direct measurement of the velocity of sound in molten liquids at tempera- 
tures up to 1000° C is described. The technique depends upon the phase interference of two 
wave trains, one passing through the liquid and the other a reference signal. The apparatus 

gives results to within 0-5°% of accepted values. 


The theory of the method is investigated. 


terminated in a chuck M, on which the threaded collar N 
fitted, thus clamping the upper quartz rod perfectly central © 
with respect to the furnace tube. (The upper and lower 
controls were alined centrally during the construction.) A 
similar clamp and threaded control was mounted on an 
aluminium post at the base of the furnace to hold the lower 
quartz rod. 

The fused quartz ultrasonic cell contained a cylindrical 
platinum crucible, 4 in. high, 1-4in. diameter and with a 
wall of 0-005 in. supported by a platform inside the 1-6 in. 
outer tube so that a melt in the crucible was within the 
region of uniform temperature. The lower quartz rod on 
which the generating transducer was mounted passed through 
a fused quartz tube sealed to the 1-6 in. tube and the sliding 
fit was made vacuum-tight by means of a double O-ring seal. 
(Mechanical support for the vibrating rods should not be 
completely rigid; elasticity is provided by the compressible 
O-ring seals.) This rod was brought into contact with the 
base of the platinum crucible by means of the thread control. 
A tapered ground joint was sealed to the top of the cell. A 
matching ground glass stopper was fitted with four entry 
tubes to accommodate two pre-electrolysis electrodes,* a 
quartz thermocouple sheath (the temperature was measured 
from the e.m.f. of a chromel-alumel thermocouple) and the 
upper quartz rod on which the receiving transducer was 
mounted. The whole system was made vacuum-tight and 
could be filled with an inert atmosphere. 


* The pre-electrolysis electrodes served to remove the last traces 
of absorbed water from the melt by electrolyzing at a potential 
difference greater than the decomposition potential of water but 
less than that for the molten liquid. The pre-electrolysis electrodes 
consisted of spectroscopically pure graphite rods, which could be 
retracted from the melt before velocity measurements were com- 
menced since they passed through a double O-ring seal in the guide 
tubes of the stopper. 
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The transducers were silver-plated, X-cut quartz crystals 
with a resonant frequency of 1000 kc/s. The diameter of the 
rods was much greater than the wavelength of sound in the 
liquid; hence the emitted beam of sound waves was 
effectively planar. 

In the electrical circuit (see Ref. 16, p. 374) a radiofrequency 
oscillator and pulse modulator generated a train of pulses 


[fa }-O 


10001 


|}-__—_———_————2ft 4in. 


Fig. 1. Diagram of the furnace and clamps for the 


quartz rods 


with a 1000 kc/s carrier frequency, a pulse repetition rate of 
200 pulses/s and each with a duration of about 25 us. The 
pulses were applied to the source transducer and, after 
passage through rods and the liquid, the received signal was 
amplified, added to an attenuated reference signal from the 
oscillator, further amplified and observed on a cathode-ray 
oscilloscope. 


EXPERIMENTAL 


To measure the velocity of sound in molten salts the 
apparatus was partially assembled before the furnace was 
heated to a temperature just below that of the melting point 
of the pure salt. The crucible was then lowered on to the 
platform with platinum suspension wires. The stopper with 
the rod, thermocouple sheath, and electrodes was then fitted, 
the upper clamp secured and the salt melted under a pressure 
of approximately 1mm of mercury. Pre-electrolysis was 
carried out and while transmission of sound pulses continued, 
the upper and lower chucks (Fig. 1, 44) were rotated slightly 
until the amplitude of the first pulse on the screen appeared 
greatest. (This condition meant that faces of the quartz rods 
were as closely parallel as possible.) When constant tempera- 
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ture was attained, both the position of the upper quartz rod 
and the setting of the reference signal attenuator were adjusted } 
until a minimum (or null in the vertical Y-axis) was obtained § 
on the screen at the point in the pattern where the pulse jf 
nearest to the origin of the horizontal sweep appeared, before jf 
the reference signal was added to the output of the detecting 
transducer. This condition indicated complete phase inter- 7% 
ference between the wave trains propagated through the cell { 
and the direct reference signal. The position of the thread jf 
control (Fig. 1, L) was recorded with a cathetometer when 
such a minimum was obtained. The phase angle difference 9 
of z-radians was again achieved after moving the rod through @ 
such a distance that the phase of the propagated sound 
changed by 27. This distance represented one wavelength. 
Thus, the upper rod was moved by means of the thumbscrew 
(Fig. 1, O) through about five wavelengths as indicated by @ 
the sequence of maxima and minima at the X-displacement 
corresponding to the former minimum on the oscilloscope. } 
The position of the rod control giving the new minimum was §) 
noted and further measurements made by moving the rod 
both up and down. The frequency f was measured by a zero |i} 
beat method to within +10 c/s in the range f = 980-1010 kc/s. 
The frequency of the oscillator varied less than the limits of | 
accuracy of the frequency meter, i.e. +10c/s, during the @ 
time required for a determination of A. If A, and hp are the 
respective settings of the cathetometer for the passage of the — 
upper rod through 1 nodes (minima), then A = (Ay — hy)/n 
and knowing the frequency, the velocity v was thus calculated. 
A may be measured and reproduced to within 0:0005 cm, 
i.e. within 0:4°%. : 


RESULTS 


Velocity measurements were made on several liquids and 
the results are compared with those of room temperature | 
accepted methods in Table 1. The liquids were either of | 
analytical quality or redistilled. 4 


Comparison of sound velocity results in common 
liquids with those obtained by present method 


Table 1. 


Temperature Velocity Freyer Passynski Willard“) q 
Liquid (°C) (obs. (m/s) (m/s) (m/s) (m/s) 
Acetone SDDS wal WG kse se SY Se) — 1170 
24°02 1168 a2 10 a2 1170 — 
Benzene 25 1295-2220" - S130) 213038F 21295 
Carbon PRS Gyms al 924 927 930 
tetrachloride 58 815 +9 818 821 — 
Ethyl alcohol 23 1155255205 IS Ste e600 
Glycerol 2D 1927 +20 1920 — 1986 
Water 20 1484 + 6 1484-2 1484 1500 


at 
24 1490 + 10 = au tee 


The agreement is better than 0:5%. The deviation listed in » 
column 3 is the maximum experimental deviation from the — 
mean result. : 

The velocity of sound in the molten salts listed in Table 2 q 
was found to be a linear function of temperature in the © 
ranges investigated. The following are the results for v;, 
the velocity of sound at T°C in the range listed, together | 
with the value of C,/C,. For the measurements in molten | 
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salts the mean maximum deviation was 11 m/s; while the 
mean deviation was 5 m/s. 


| Table 2. Velocity of sound in certain molten salts as a function 


of temperature 
Salt yp((m!/s) Range (°C) Cp/Cy 
Lithium 
nitrate 1796 — 1-3 (T-300) 260-500 1:14 
Sodium 
nitrate T8022 1 23-( 1-310) 310-440 1-14 
Potassium 
nitrate 1748 — 1-184 (1-340) 333-535 1-18 
}) Potassium 
| | chloride 1562 — 0-88 (T-800) 780-1010 1-31 
4} Potassium 
| bromide 1278 — 0-72 (T-750) 750-1008 1-36 


DISCUSSION 


From the agreement between observed and accepted sound 
| velocities for common liquids recorded in Table 1, it can be 
}} seen that the apparatus yields reliable results at low tempera- 
‘tures. However, at high temperatures there is no existing 
«tata on the velocity of sound in liquids with which comparison 
may be made. A criterion of the validity of the results for 
g i high temperature liquids would be the agreement between 
Hc BC as calculated from the velocity results in Table 2 and 
} tne value obtained theoretically. 

3 ©6Now, 

Cp Op VL By (1) 


C,/ C, = De (2) 


when a is the coefficient of thermal expansion, V is the 
H{specific volume, T the absolute temperature and f, the 
Fisothermal compressibility. C 'p and C, are the specific heats 
| | at constant pressure and constant volume respectively. 

. Then, 


y—1=?VT/C,B, (3) 
The velocity of sound in a liquid is given by 
vp = y/Bip (4) 


where p is the density. 
From equations (3) and (4), 


yA Ue Ty, 
= ye cot Ak Oe (5) 


| 
| 
a 
|) 
| 


‘| 

Thus, from a knowledge of «,“%) C,,0% y was calculated 
ifrom the present results and is listed i in ; cohumn 4 of Table 2. 
| For the liquid alkali metal nitrates there is a total of six 
translational, three rotational, and six vibrational degrees of 
freedom. Since y = 1 + (2/n) where n is the total number 
of degrees of freedom, y may be expected to equal 1-13 in 
ood agreement with the values based on the present results. 
Goodwin and Kalmus“) applied Kopp’s law to solid and 
olten halides (e.g. silver chloride, thallium chloride, lead 
hloride, silver bromide, thallium bromide and lead bromide) 
t temperatures in the vicinity of 500° C and found that the 
tomic heat was 7:1 cal/g. atom. The extrapolated values“) 
f C,(s) for solid potassium chloride and potassium bromide 
ive “values for the molecular heat at 800°C of 13-80 cal 
and 13-76 cal/mole respectively. The value of C,(1) was 
‘ound to be greater than C ‘p(5) by a factor varying between 
the limits 1-01-1-3.0% Assuming this ratio to be applicable 
at 800° C, then the molecular heat capacity of both potassium 
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chloride and potassium bromide is 14-2 cal, ie. 1-03 C,(s). 
Substituting the derived value of C, in equation (5) results 
in the values for y listed in Table D which agree well with 
theoretical value of 1-33. In obtaining the above results the 
first of several (five to eight) pulses appearing in the sweep 
across the cathode-ray screen was used since the first must 
traverse the sound path in the shortest time interval. How- 
ever, trial showed that for organic liquids at room tempera- 
tures velocity measurements made by using subsequent 
pulses along the X-axis gave results in fair agreement (within 
2%) with those obtained on the first pulse, indicating that 
the wave trains which gave rise to subsequent pulses, pass 
through liquid once. For molten potassium bromide, how- 
ever, the velocities measured on the first two pulses were in 
agreement but subsequent pulses gave rise to velocities of 
approximately $ and 4 of the true velocity as measured by 
the first pulse. This suggests that wave trains involving 
multiple reflexions of the sound waves within the liquid 
contribute to the phase summation of pulses at the receiving 
crystal.* 

The time taken (time delay) by each pulse appearing on 
the screen to travel through the two rods and the liquid 
sample can be determined experimentally to within 5% by 
use of the equation: 1000[(X-co-ordinate of centre of a 
pulse) — (X-co-ordinate of the origin of sweep)]/(length of 
sweep) js since a 1000 zs sweep was used. In Fig. 2, AB, 


22— 


Fig. 2. Plan of the path of the ultrasonic vibrations 
through the system of rods and liquid 


length /, cm, represents the lower quartz rod in the apparatus; 
BC, length /, cm, the mean path through the liquid, and 
CD, length /,; cm, the upper quartz rod. If v, cm/s is the 
velocity of sound in quartz) and »v, cm/s that in the 
liquid, the time for the leading edge (or centre) of a pulse to 
travel from the sound source directly to the detecting trans- 
ducer is 


For reflexions such as AB + (BC + CB+ BC) + CD 
(AB + BA + AB) + BC + CD, the respective times t, and 
t, are 
ty = (eq 31,/v; 1,/U,) 4S (7) 
ts = Bii/v, + b/y, + L/ep)ps (8) 


The times for propagation of additional postulated re- 
flexions can be similarly determined. A comparison between 
the calculated propagation times and the observed delay 
times assuming various reflexions shows that there are times 
for the former agreeing to within 5% of the latter. 

A comparison of observed and calculated times for pro- 
pagation through the apparatus is made in Table 3, for 
benzene (25° C) and potassium bromide (1000° C). 

A further check on this theory of reflexions can be provided 
by the evaluation of the relative amplitudes of vibrations in 


* The estimated attentuation (from the classical equation™®)) 
for potassium bromide expressed in the form 4/f2 <x 1015 nepers/cm 
is 0-2 which is much less than the experimentally obtained value 
for benzene of 8:3,02 so that sound reflexions within molten 
potassium bromide are not so strongly damped as in benzene. 
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Table 3. Comparison of the propagation times through the cell for benzene and potassium bromide 
Benzene— 
Observed (us) 162 254 288 384 470 
Calculated (us) 159 253 282 353 441, 469 
375 497 
Type of reflexion AB+BC+CD 3AB+BC+CD AB+BC+3CD 3AB+BC+3CD 7AB+BC+CD 
assumed in cal- 5AB+BC+CD \5AB+BC+3CD 
culated times 3AB+ BC+5CD 
Potassium bromide— 
Observed (us) 183 276 344 462 S25) 650 
Calculated (us) 186 289 322, 316 458, 453 529, 524 630, 660 
430, 485 490, 550 665 
Type of reflexion AB+BC+CD 3AB+BC+CD AB+3BC+CD AB+5BC+CD 5AB+3BC+CD 7AB+BC+3CD 
assumed in cal- AB+BC+3CD AB+3BC+3CD 5AB+BC+3CD 5AB+3BC+3CD 
culated times 3AB+3BC+CD AB+5BC+3CD 5AB+5BC+CD 
TAB+ BC+CD 3AB+ BC+5CD 


the pulses from theoretical considerations which may then 
be compared with the observed ratios. 
From an equation in Ref. 17: 


(E,/E;) = (py — P22)*/(py% + p2e2)? (9) 


where E, and E;, are the reflected and incident energies for 
normal waves; p;, P2 are the densities of the two media and 
V;, V2 are the sound velocities in the media, the fraction of 
sound intensity transmitted at an interface can be calculated 
if it is assumed that no energy is lost at an interface, i.e. 


E, being the transmitted energy. After suffering a normal 
reflexion at, or passage through, a liquid-quartz or quartz- 
liquid interface the new energy becomes the “‘incident”’ 
energy with respect to the next change, either a reflexion or 
a refraction. In the ideal case for a group of sound waves 
travelling normally through n interfaces and suffering m 
reflexions at the same type of boundaries, the fraction of the 
initial energy emerging is (E£,/E,)"(E,/E,;)". The direct pulse 
would pass through a quartz-liquid and a liquid-quartz 
interface which is equivalent to two quartz-liquid boundaries. 
Therefore, Ejinai/Ejnitiqgi in this case is (E,/E;)*. Since the 
intensity or energy of a wave is proportional to the square 
of the amplitude, it follows that 
t 
| (11) 


Table 4. Comparison of calculated and observed relative 
maximum amplitudes of consecutive pulses on the screen 


amplitude of indirect pulse | (E,/E,)"(E,/E;)” 
amplitude of direct pulse (E,/E;)2 


Benzene— 


Observed relative 
amplitude 1 

Calculated relative 
amplitude 1 


Le O09 aU Fae soa 


0-84 0-82 0-8 0-7 


Potassium bromide— 
Observed relative 
amplitude 1 
Calculated relative 
amplitude 1 


O° 75-20: 87900: 6 2807552204 


0:60 0:84 0-53 0:43 0-15 
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The relative amplitudes are then determined according to |} 
In the instances where the pulses reinforce 


equation (11). : 
according to their phase, the resultant intensity is the sum 
of the respective intensities. 


of pulses appearing across the screen. 
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is observed. 


and does not depend on secondary emission. 


be substantially improved. 


1. INTRODUCTION 


‘in the scanning electron microscope a beam of electrons, 
Wi which is focused to a very small spot, is caused to move in 
}eurn over each point of the object. The electron current 
}; saving the object is collected and amplified and is then used 
¥‘o modulate the brightness of a cathode-ray tube whose spot 
iis moving over the screen in correspondence with the motion 
of the electron beam over the object. If, then, any property 
Hof the object causes the electron current which leaves it to 
Wichange from point to point, the picture built up on the 
} cathode-ray tube will constitute a record of the variation of 
}\this property over the area of the object which is scanned. 
It does not follow that this picture will bear any resemblance 
\to the one which would be seen through an optical micro- 
‘iscope, although it may do so. 

A microscope based on the above principles was first 
{proposed by Knoll) in 1935 and a few years later an actual 
instrument, in which mechanical scanning was employed, was 
Widescribed by von Ardenne.@:%) In 1942, Zworykin, Hillier 
land Snyder gave an account of a scanning microscope 
4) which is much more closely related to the present work. This 
‘instrument made use of the variation of secondary emission 
| over the surface of the specimen and was employed chiefly 
4) for the examination of metals. One of the greatest difficulties 
sencountered in this work was the very low signal-to-noise 
ratio that it was found possible to achieve. 

§) Soon after the end of the war, electron multipliers with 

i beryllium—copper dynodes came into general use. Unlike 
'earlier multipliers, these devices could be used in demountable 
jvacuum systems and it seemed probable that they could 
profitably be employed for the detection of electrons in a 
}scanning microscope. Work along these lines was therefore 
| put in hand in this laboratory and in 1953 McMullan© was 
jable to report the construction of a successful instrument. 
He also showed that it is unnecessary to rely on variation of 
secondary emission to provide contrast. If the mean plane 
\ of the surface under examination is set at an angle of about 
|25° to the incident electron beam and the scattered electrons 
‘(including secondaries) are collected by the multiplier, it is 
\found that the multiplier current depends strongly on the 
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Experience with the scanning electron microscope has shown that there are fields of application 
where this instrument has distinct advantages over the conventional transmission microscope 
(with or without replicas) and the reflexion electron microscope. For example, there are speci- 
mens which are too thick to be viewed by direct transmission and which nevertheless do not lend 
themselves readily to the construction of replicas, either because they are too fragile, because 
their surfaces are undercut so that the replica would be keyed to them or because observation of 
the specimen at high temperatures is desired. The paper gives examples of the use of the scanning 
microscope in such cases and shows that the images produced are very similar in character to 
those obtained with optical microscopes. In particular, a pronounced three-dimensional effect 


_In the work described the specimens have been mounted so that the mean surface under observa- 
tion is at a glancing angle of about 25° to the incident electron beam. Contrast is provided by 
the variation of the local angle of incidence as the scanning electron beam moves over the surface, 
L With the present apparatus a resolution of about 
200 A has been attained, but there appears to be no reason why this performance should not 


It is shown that, with the scanning microscope, bombardment of the specimen is much less 
severe than with other electron microscopes. 


angle between the incident beam and the portion of the 
surface on which it is falling. This angle normally varies 
from point to point of the surface, so the picture finally built 
up on the cathode-ray tube is related to the topographical 
structure of the surface rather than to its secondary-emission 
properties. 

The scanning electron microscope constructed by McMullan 
has now been in use for several years and sufficient experience 
has been gained with it to make possible an appraisal of the 
probable fields of usefulness of instruments of this kind. 
The original apparatus has been modified in several ways but 
the modifications are not of a fundamental nature and will — 
not be considered in any detail here. In the present paper an 
attempt is made to compare the performance and possibilities 
of the scanning electron microscope with those of the 
conventional transmission electron microscope (with or 
without the use of replicas) and with the reflexion eiectron 
microscope. 

At the present time the conventional transmission instru- 
ment is firmly established as the most useful type of electron 
microscope for general work. Furthermore, it is usually 
possible to modify such microscopes quite simply to allow 
examination of opaque specimens to be carried out by 
reflected electrons. Thus the conventional instrument is 
likely to be used whenever it can be made to give satisfactory 
results. By comparison, the scanning electron microscope 
involves the use of a good deal of additional apparatus and 
is inherently a more complicated instrument. Its use can 
therefore be justified only in cases where ordinary electron 
microscopes are unsatisfactory, and it is one object of the 
present paper to indicate where such cases may arise. 


2. FORMATION OF THE IMAGE IN THE 
SCANNING ELECTRON MICROSCOPE 


As has been indicated aboye, contrast in the image formed 
by a scanning electron can be made to depend either on 
variation of secondary emission over the surface of the object 
or on the surface topography of the object. In the former 
case the range of objects that can be examined is severely 


BRITISH JOURNAL OF APPLIED PHYSICS 


K. C. A. Smith and C. W. Oatley 


limited, since for most surfaces the secondary emission 
coefficient is unlikely to show sufficient variation. Further- 
more, this coefficient almost always falls to a low value when 
the primary electrons have energies of a few ten thousands 
of electron volts so that, to obtain sufficient secondary 
emission, it may become necessary to work with a primary 
energy of about | keV. This in turn brings other difficulties ; 
surface contamination of the object is likely to be serious and 
it is not easy to obtain good resolution with electrons of such 
low energy. For these reasons the work described below was 
done under conditions such that contrast depended on the 
surface topography of the object and the angle between 
the incident beam and mean surface was usually about 
25°, though angles up to 45° have been found satisfactory. 
The energy of the incident electrons was about 20 keV; 
this is sufficient to penetrate thin contaminating films on the 
object and no serious trouble from such films has been 
encountered. 

Since the number of electrons scattered from the object 
varies with the local angle of incidence of the primary beam, 
the final image built up on the cathode-ray tube will be related 
to this variation, but it is not obvious that the image will be 
a recognizable picture of the surface. However, this proves 
to be the case as is clearly shown by Fig. 1 which is an image 
of a portion of a grid from a television camera tube. The 
marked three-dimensional effect is particularly noteworthy 
and is also found in the examples to be discussed later. 

In the present instrument the collection of scattered 
electrons is performed in a relatively crude manner. The 
first dynode of the electron multiplier is placed as close to the 
object as is convenient and is maintained at a positive potential 
of about 500 V with respect to the object. Of the electrons 
leaving the object, some have nearly the full energy of the 
primary beam, while others are relatively slow. Because the 
secondary emission coefficient of the first dynode falls to a 
low value for high primary energies, the slow electrons may 
have a disproportionately large effect in the formation of the 
image. This is suggested by the fact that the signal strength 
is considerably reduced if the potential of the first. dynode is 
made equal to that of the object. This change would be 
unlikely to alter the number of swift electrons collected but 
it might seriously reduce the number of slow ones. Relatively 
little work has so far been done on the investigation of these 
factors and it seems unlikely that the present arrangement of 
the collector is the best that can be devised. It is, however, 
good enough to give very satisfactory results. 

Scintillation counters have now been brought to a high 
state of efficiency and they might have numerous advantages 
for the detection of the scattered electrons in a scanning 
microscope. Work is in hand to test this possibility. A 
rather special example of this technique is shown in Fig. 2 
(obtained by Dr. McMullan), where the object itself consisted 
of grains of a silver-activated zinc sulphide phosphor and the 
normai electron multiplier was replaced by a photomultiplier. 
In this particular phosphor most of the light comes from 
active regions which occupy only small portions of the grains 
within which they occur. 


3. SPECIMENS FOR WHICH THE SCANNING 
ELECTRON MICROSCOPE OFFERS ADVANTAGES 


The most obvious field of application for electron micro- 
scopes of the scanning or reflexion types is for the examination 
of opaque objects when replica techniques cannot be used. 
For example, the object might have indentations which were 
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undercut so that a replica would be keyed to the surface. 3 
Again it might be desired to examine the surface at a tempera- } 
ture at which the replica would be destroyed; or to watch the # 
changes in structure as the surface was heated. Although 
relatively little work along these lines has so far been done, 
there are clearly many situations in which a scanning or a 
reflexion microscope is the only instrument that can be § 
used. a 

A rather different case occurs with many biological speci- 
mens where the object is too thick to be viewed by trans- 
mission, but too small for the preparation of replicas to be 
at all easy. Two examples of results obtained with the 
scanning microscope in such cases are shown in Figs. 3 and § 
4(a, b). They represent respectively an amoeba and part of 1 
the skin of a meal-worm grub. A somewhat similar situation 
arises in the microscopy of fibres and Fig. 5 shows the result } 
obtained with a fibre of Orlon. 

With specimens of this kind which are insulators, difficulties @ 
may be caused by charging of the object. These troubles can #% 
usually be overcome by coating the object with a thin # 
evaporated layer of metal. 

Although the above photographs were obtained with a 
scanning electron microscope, the objects belong to a class § 
for which the use of a reflexion microscope might be con- + 
templated (e.g. Holdgate, Menter and Seai ) and it is there- © 
fore necessary to consider whether the former instrument has }h 
any advantages to justify its greater complexity. From this 
point of view the chief difference between the microscopes 
lies in the angles at which the electrons strike the object and 
are collected from it. In the reflexion microscope a glancing & 
angle of incidence of 5° or less has hitherto proved essential © 1B 
and most workers have collected electrons lying in a narrow § 
pencil which makes an angle of 10° or less with the mean — 
surface. An obvious disadvantage of such a small glancing 
angle of reflexion is the very large foreshortening of the final 
picture, and a ratio of maximum to minimum magnification 
of ten or more is not uncommon. An even more serious 
difficulty lies in the fact that some asperities on the surface 
cast large shadows and the deeper depressions are not — 
illuminated at all. Thus, on rough surfaces, much of the §& 
detail is concealed. ; 

Recent work in France by Fert) suggests that it may be — 
possible to work with glancing angles of reflexion up to 35° | 
and thus lessen the troubles due to foreshortening. However, — 
unless the glancing angle of incidence can also be increased, |! 
the other difficulties will remain. 1 

The scanning electron microscope is inherently free from f 
the above disadvantages since large glancing angles of | 
incidence and reflexion can be used without difficulty. In 
fact, careful examination of some of the photographs 


(e.g. those shown in Figs. 1 and 6) shows that electrons must — |) 


have been reaching the collector by indirect paths since detail 
is revealed at some points from which there was no direct | 
path to the multiplier. This effect is likely to prove extremely 
valuable and further investigation of it is planned. | 

The ability of a scanning electron microscope to operate — 
with very irregular surfaces, coupled with the large depth of | 
focus which is characteristic of most electron microscopes, 
makes it possible to carry out certain types of manipulation 
on a specimen while it is actually under observation. An 
example of this is shown in Fig. 6, which shows a tungsten 
point contact on a germanium crystal, (a) before and (b) after — 
the discharge of a condenser through the contact. The — 
process was carried out while the contact was under observa- 
tion and the electrical rectification characteristics could also 
be measured. 
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a Fig. 1. Portion of aluminized copper grid from a Fig. 2. Grains of silver-activated zinc sulphide phosphor 
television-camera tube 


Fig. 3. Amoeba, fixed with osmic acid (no metal coating) 
on nickel surface 
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Fig. 4(a). Surface of meal worm 
grub, Tenebrio molitor 
(silver coated) 


Fig. 4(6). Bristle on meal worm 
grub 
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Fig. 5. Orlon fibre (gold-palladium 
coated) 


Yoo 
C77 


Fig. 6. Tungsten-germanium point 
contact 


(a) Before discharge of condenser 
through contact. 
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Fig. 6. Tungsten-germanium point contact 
(b) After discharge. 


(a) (b) 
Fig. 7. Latex particles 


(a) Transmission micrograph. (6) Reflexion micrograph. 
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4, FUNDAMENTAL LIMITATIONS 


_ There are certain fundamental principles which set a limit 
| to the performance of any electron microscope, but their 
} application to the scanning microscope is rather different 
| from what it is with conventional electron microscopes. 
| Before making further comparisons between the different 
types it is therefore necessary to establish some basic equations 
| which are of general application. 
Suppose a square area of the object of side D cm to be under 
) observation and let d cm be the smallest distance that it is 
) desired to resolve. For the- time being, electron-optical 
) aberrations of the instrument are assumed to be negligible. 
Then the object may be divided into D2/d2 square elements, 
4 each one of which must be resolved from its neighbours. 
1} Following the principles laid down by Rose, ) there must 
| fall on each element of the object a certain minimum number 
'N of electrons, which can be calculated as follows. Because 
' the arrival of electrons is a random process, there will be 
associated with N a fluctuation of r.m.s. magnitude 4/N and 
Vi NIVN = VN represents the basic signal-to-noise ratio from 
4 the element. Subsequent stages in the production of the final 
} picture cannot improve this basic ratio, though they may 
' make it worse. Consider two adjacent elements such that all 
; the electrons striking the first go to form the corresponding 
oright area of the image, while those striking the second are 
: removed by absorption or scattering so that the corresponding 
j area in this case is completely black. This represents the 
i most favourable case for resolution of the two elements and 
“= experiment shows that, in the final picture, the eye will be 
tunable to distinguish the black area from the adjacent area, 
| which is speckled as a result of the random fluctuations, unless 
' N exceeds a value of about 5. Thus in this case a minimum of 
twenty-five electrons per element would be needed. In general 
| it will be desirable for the eye to be able to distinguish much 
i smaller changes of contrast in the final picture than the 
| complete change from ‘white’ to “black”? in adjacent 
! elements. If, for example, an element of brightness B is to 
i be distinguishable from one of brightness B + AB, the 
| relevant equation becomes 


4/N > 5B/AB (1) 


so that for 5% contrast to be detectable a minimum of about 
‘| 10* electrons per element is required. 

So far it has been assumed that randomness in the primary 
electron stream is the limiting factor, but this may not be 
the case. For example, in the conventional electron micro- 
scope used visually, electrons leaving the object strike a 
fluorescent screen where each electron produces, on the 
4) average, several quanta of light. A fraction of these quanta 
} enter the eye of the observer and are absorbed by the retina. 
| Several quanta are required to produce a visual stimulus, so 
4) the number of stimuli conveyed to the brain is less than the 

{number of quanta absorbed. Thus the number N’ of in- 
| dependent events per element varies from point to point of 
1) the apparatus. So long as N’ is, on the average, always 
igreater than N, no additional noise is introduced since 
| complete randomness was already associated with the original 
‘}number N. If, however, N’ falls below N at any stage, the 
|| stage with the lowest value of N’ will become the limiting 
one and this value of N’ should replace N in equation (1). 
| This point will be discussed further in Section 5. 

Let j A/cm? be the useful electron current density arriving 
‘at the object, ie. that portion of the total current density 
which is contained in a solid angle small enough to allow it 
\to pass through the complete electron-optical system of the 
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instrument, and let ¢ be the effective time during which 


electrons from each element are collected. Then, if e 
coulombs is the electronic charge, 
N = jdt/e (2) 
and from equation (1) 
J > 25B%e/d2tA B? (3) 


However, j is limited by the maximum emission density 
jo A/cm? of the cathode from which the electrons originate 
and according to Langmuir’s theorem 


Jj < jg sin? (1 + Ve/kT) (4) 


where k J/degree is Boltzmann’s constant, T the absolute 
temperature of the cathode, V volts the potential difference 
between object and cathode and « radians the semi-angle of 
the cone within which lies the useful electron current striking 
a point of the object. Since Ve/kTs 1 and sina = a, 
equations (3) and (4) can be combined to give 


kT 
. A/cm? (5) 


jp > 25(B/AB) 5 A 


5. RESOLUTION 


Equation (5) is valid for the conventional transmission 
microscope as well as for the scanning electron microscope 
and for the purpose of comparison it will be convenient to 
use the following typical values 


B/AB = 20 
T = 3000° K 
jg = 10 A/cm? 
V = 30 kV 
k = 1:38 x 10-23 J/degree 
to give a2 > 1:38 x 10-2! /td2 (6) 


In the conventional transmission microscope used visually, 
t is determined by the properties of the eye, and experiment 
shows that the time over which effective integration takes 
place is about 0-2s. Haine and Einstein®) have shown that 
practical electron guns approach quite closely to the maximum 
theoretical efficiency indicated by equation (4) so that, even 
if a resolution of 5 A is required, equation (6) merely requires 
a to be greater than 1:7 x 10-3 rad. However, the designer 
would in any case wish to exceed this limit to obtain the best 
compromise between spherical aberration and diffraction 
effects. If the image is recorded photographically, ¢ can 
readily be made much greater than 0-2s, and the minimum 
value of « is correspondingly smaller. Thus, with this type 
of instrument, the random nature of the beam current does 
not impose any practical limitations on design. 

For the scanning microscope the case is quite different. 
Here the elements of the object are scanned sequentially and 
t is found by dividing the total scan period T by the number 
of elements (D/d)?._ To cover a reasonable field of view D/d 
must be of the order of 1000 and for visual work T cannot 
be much greater than 2s, giving, for a resolution of 5A, 


a > 0-53 rad. (7) 


For photographic work T can, in principle, be increased 
without limit, but the practical problem of ensuring that the 
object does not move sets a limit of, say five minutes. A 
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longer period would, in any case, be extremely inconvenient. 
This gives, for a resolution of 5 A, 


Aes One rate (8) 


The limit for « set by equation (7) is impossibly high and 
even that given by equation (8) is much larger than that 
required to give the best compromise of aberrations in the 
electron-optical system. 

The above figures represent limiting cases and are given 
merely by way of example since the equations cannot, in the 
nature of things, yield an exact limit for «. For example, it 
has been tacitly assumed that the collection of electrons 
scattered from a “white” element of the object is 100% 
efficient, and this is certainly not the case. Again, many of 
the electrons striking the first dynode of the collector have 
such high velocities that they contribute little to the secondary 
emission. On the other side of the picture it would be 
possible, by accepting a smaller field of view, to reduce the 
number of elements very considerably and thus increase the 
value of t. Similarly, for some specimens, a value of B/AB 
less than twenty might be acceptable. A great deal more 
work is needed to provide further information on these 
various factors but it is clear that, for visual work, the random 
nature of the beam will be an important factor in setting a 
limit to the resolution that can be obtained. It may also 
limit the resolution in photographic work. 

A quite different factor which may set a limit to the attain- 
able resolution is the penetration of the incident electrons 
into the object. Suppose, for example, the object to consist 
of a rectangular solid and let the incident beam fall on the 
top surface and be moving towards the edge formed by the 
top and one of the sides. If the top surface is perfectly 
smooth and the beam is not near the edge, electrons will 
penetrate the surface to various depths, will be deflected by 
collision and a proportion of them will re-emerge from an 
area of the surface much larger than the original spot. How- 
ever, under the conditions stated above, the electron current 
flowing to the multiplier will have a definite constant value. 
Similarly when the incident beam has passed the edge by a 
considerable distance and is falling on the side of the object, 
the current to the multiplier will have a different constant 
value. In the vicinity of the edge, however, it is possible for 
electrons to enter the surface and emerge from the side or 
vice versa, and the transition of the multiplier current from 
the value characteristic of the surface to that characteristic 
of the side will thus be gradual and the edge may appear 
blurred in the final image. The extent to which this effect 
will limit resolution would be expected to vary with the 
nature of the object and the energy of the incident electrons. 
Once again, detailed information on these points is not yet 
available. 

The scanning microscope at present in use is not very 
suitable for tests on resolution, since it was designed to give 
a Gaussian spot-diameter of about 150A. Now that a 
stigmator has been added and the efficiency of collection of 
the scattered electrons greatly improved, a reduction of the 
diameter of the spot would be advantageous and the electron 
lenses will shortly be modified to make this change possible. 
With the aperture at present in use in the second demagnifying 
lens, the calculated spherical aberration, C,«*, amounts to 
70 A and the diffraction aberration to about 30 A. 

A photograph of latex particles taken with the microscope 
used as a scanning transmission instrument (the latex being 
mounted on a collodion film) is shown in Fig. 7(a), and 
suggests a resolution of between 200 and 250 A, i.e. approxi- 
mately the theoretical value. It was hoped that, with this 
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arrangement and with such small objects, penetration of the 
primary electrons into the object would not have such serious 
consequences as in the more normal arrangement. © However, 
a photograph of similar particles taken with the instrument 
used as a scanning reflexion microscope, is shown in Fig. 7(b) 
and the resolution is about the same as before. 

At the present time it is difficult to hazard a guess at the 
ultimate resolution that it will be possible to attain with the 
scanning microscope, but'a value less than 100A would 
seem to be within reach. 


6. BOMBARDMENT OE THE OBJECT 


There are many objects which are partially or totally % 


destroyed by excessive electron bombardment, so itis of interest 
to compare different types of electron microscope from this 
point of view. The reflexion microscope is known to be very 
much worse than the ordinary transmission microscope 
because, in the former instrument, only a very small pro- 
portion of the electrons striking the specimen pass through 
the object lens and thus contribute to the final image. In 
what follows, therefore, a comparison will be made between 
the transmission microscope and the scanning microscope. 
In the light of the principles laid down in Section 4, consider 


first what the situation would be if a perfect instrument of | 


each type were available. In the case of the transmission 


microscope, every electron striking a “white” element of the 5 


object would subsequently enter the object lens and, in the 
scanning microscope, every electron striking a white element 
would be collected by the multiplier. Furthermore, in each 
instrument the number of independent events per white 
element of the object, at each subsequent stage of observation, 


would be greater than the number of electrons striking that — 


element. Under these conditions it should be possible to 
obtain an image, in each case, when the number of electrons 
per element was as great as N in equation (1), Thus the 
performances of the two instruments would be equal from 
the point of view of the bombardment of the specimen. 
Practical instruments may fall short of the ideal in two 
respects. In the first place the collection of electrons from a 
‘““white’’ element is not perfect. Quantitative measurements 
are lacking but it is probable that the efficiency of collection 
could be made to approach 100° in both types of instrument. 


i. 
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In any case, the difference between them is unlikely to be- x 


very large. ; 

Consider next the assumption that the number of individual 
events per element, at each stage in the production of the 
image, is greater than the number of electrons per element. 
In the scanning microscope this will be true if the average 
secondary emission coefficient at the first dynode is greater 
than unity, since enough dynodes can be used to counteract 
inefficiency in any subsequent process. In the existing instru- 


ment the average secondary emission coefficient probably ~ 


does not fall short of unity by a large factor, and there is 


certainly room for improvements in the design so that electrons — 


shall strike the first dynode with the optimum energy. Thus 
the scanning microscope approaches the ideal quite closely. 
For the transmission microscope used visually the case is 
quite different. Each electron entering the object lens strikes 
the fluorescent screen and, in a good screen, rather less than 
10% of the energy of the electron is converted into light so 


that a 50 keV electron might produce about 2000 quanta. 


Only about 2 in 10* of the total number of quanta enter the 


eye of the observer; furthermore, according to the work of k 


Hecht™® about 100 quanta must enter the eye to produce a 
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‘single visual signal to the brain. Thus the processes sub- 
isequent to the entry of the electrons into the object lens 
jreduce the number of individual events per element by a 
‘factor of about 250 and the initial bombardment of the 
object must therefore be increased in this ratio. 

An additional factor of ten in favour of the scanning 
| microscope arises from the fact that the effective integration 
| period of the eye is about 0-2s. Thus if, as is usually the 
| case, the image is to be viewed continuously for at least a few 
i} seconds, the required number of electrons must fall on the 
object in the transmission microscope every 0:2s. In the 
| Scanning microscope, however, the integration is carried out 
| by a long-persistance screen on the cathode-ray tube and the 
} effective integration period may easily be as high as 2s. 

It is interesting to note that the poor performance of the 
| transmission microscope is not fundamental. In principle it 
! could be greatly improved by the use of a long-persistance 
l screen and/or an image intensifier, but this would entail 
i: considerable additional complication. Again, the perform- 
i, ance is greatly improved when photographic recording with 
} Suitable plates is used. There remains, however, the practical 
i! difficulty of selecting and focusing the image if it cannot be 
observed visually. 

It appears, therefore, that the scanning microscope offers 
material advantages when bombardment of the object is to 
+ be kept to a minimum. 


7. CONCLUSIONS 


- It will be apparent from what has been written that 
‘elatively little is yet known about many of the factors 

affecting the performance of the scanning electron microscope 
f and it is reasonable to expect that, when these factors are 
better understood, an improved instrument will result. Even 
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now, however, there is a wide range of objects with which the 
scanning microscope will yield results that cannot be obtained 
in any other way. 
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Stability criteria for an electrical or mechanical system with distributed } 
parameters | 


By A. S. GLADwIn, Ph.D., D.Sc., A.Inst.P., University of Sheffield 


[Paper first received 3 August, and in final form 29 August, 1955] 


The equation Cy + Cyz + (C24 


electrical or mechanical systems with distribute } y 
finite time delay. For the system to be stable all the roots of the equation must be negative or 
have negative real parts. Assuming Co to be positive it is shown that C, and C; must also be 
positive and that C;/C, must be greater than a certain critical value which is a function of C/C;3.- 
These criteria are applied to determine the stab 
correction signal is delayed by a constant period before 


Conditions for the dynamical stability of a linear electrical or 
mechanical system with concentrated parameters can be 
expressed in terms of the well-known Routh—Hurwitz rela- 
tions. In such cases the equations are ordinary linear 
differential equations, and the auxiliary equation or so-called 
“characteristic equation’”’ derived therefrom is a polynomial 
equated to zero. The system is stable when all the roots of 
this equation are negative, or complex with negative real 
parts. 

The assumption of concentrated parameters implies that 
the physical dimensions of the system are small compared 
with the wavelength of any disturbance which can be pro- 
pagated therein. When this is not so, e.g. when the system 
contains a long transmission line, the parameters are said to 
be “‘distributed’’ and the finite speed of wave propagation 
must then be taken into account. In this case the equations 
are partial differential equations and the characteristic 
equation contains hyperbolic or other transcendental 
functions. 

Thus, for example, a system containing a single uniform 
transmission line in addition to concentrated parameters has 
a characteristic equation of the type 

N M 

> 4,2" + ¥ 6,2" tanh z = 0 (i) 

0 0 
All the coefficients are real and again the system is stable if 
all the roots are negative or have negative real parts. The 
same equation is obtained for a system with concentrated 
parameters in which, by any means, a fixed time delay is 
introduced in the connexion between one part of the system 
and another part. 

One of the simplest forms of the equation is 


Co } C\z t (C f C3z) tanhyz— 0 


(2) 


This equation arises in a number of situations. It determines 
the stability of a simple two-stage feedback-amplifier which 
is loaded by a mismatched transmission line. It occurs also 
in the study of the frequency stability of an oscillator con- 
nected to a resonant load through a uniform transmission 
line, where it is derived from a variational equation expressing 
the behaviour of the system towards a small disturbance 
superposed on the steady oscillation. 

For the sake of example the equation will be discussed in 
terms of the performance of a servomechanism in which the 
correction signal is fed back to the input after a fixed period 
of time. This might happen, for instance, where the input 
control is a valve governing the supply of steam or fuel and 
is situated some way from the engine. It is unnecessary to 
consider the details of the arrangement: the essential features 
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being returned to the control point. 


are the time-constant 7, of the machine being controlled, 
and the period 7, by which the feedback is delayed. 
Suppose that a slow change v; in the input to the machine & 
(pressure, flow, etc.) produces a change Uo in the output ff 
(speed, torque, etc.), and that v = av; where a Is some 
constant. If now the input has the form v; = V;exp (pd), | 
the corresponding output is defined by the time-constant 7, as _ 8 


Vp = aV, exp (pA)/(1 + pT) = AY; (3) | | 


where A = a/(1 + pT,,) and p is the complex frequency of 6 
the disturbance. i} 

Let a fraction b of the output be returned to the input after 
atime T,.. The returned signal is 


AbV,, exp (p)(t — T.) = Abv; exp (— pT,) (4) 


Let the input to the combination of machine plus feedback | 
system be denoted by v;. The actual input to the machine 
itself is then the sum of v; and the returned signal. Thus 


v; ='v, + Abv, exp (— PT,) 
from which 


volv, = al[1 + pT, — ab exp (—pT)] (5) B 


The system is stable if the output is bounded for all bounded & 
values of the input, and this requires that the expression for § 
V/v; should have no poles in the right-hand half of the § 
complex p-plane or on the imaginary axis. Hence the roots” 

of the equation 


1 + pT,, — ab exp (—pT,) =0 © 8 
must lie in the left-hand half-plane. Writing pT, = 2z and . 
dividing through by 1 + exp (—2z), the equation becomes 


1 — ab + Q22T,,/T.) + [1 + ab + Qz7,,/T,)]tanhz=0 (1% 
which is the same as equation (2) with 


Cy =1—ab, C. =C3=2T,/T, Cr=1+ab (4 


The location of the roots of equation (2) must now be 
determined. me 

It is first assumed that the coefficients Co, C, and C; are 
non-zero. Since the equation is unchanged when the signs 
of all the coefficients are changed it can be assumed that | 
Cy > 0. If the other three coefficients are also positive the — 
equation can have no roots in the right-hand half-plane; for 
the transformations 


Wie tanh z and Woo (Co + Cz) /(Cz + Cz) 


then map the right-hand half of the z-plane into two non- | 
overlapping areas lying respectively in the right-hand and — 
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@ilett-hand halves of the w-plane. This condition is sufficient 
but unnecessarily stringent. 

__ The roots of equation (2) may be regarded as functions of 
|the four coefficients, and when the coefficients are varied the 
roots move about in the complex z-plane. However, as the 
}equation has no root at zero, the only way in which the roots 
§}can pass from the left-hand to the right-hand half-plane is by 
i\crossing the imaginary axis, since the transition from —0oo 
§ito +-00 is not possible. The critical values of the coefficients 
jare those for which the equation has a pair of purely 
‘imaginary roots. Writing z = jy im equation (2), and 
iseparating the real and imaginary parts, gives the relations 


ibetween the critical values of the coefficients as: 


Cre Coy taney —- 0 (9) 
(10) 


For any given value of C;/Cy these equations determine a 
iseries of values for C,/C,. Only positive values of y need be 
i:considered as the equations are unchanged by changing the 
isign of y. Let y, be any one of the (positive) roots of 
equation (9) and let C,; and C, have values which satisfy 
Hequation (10) with y=y,. Now let C, be changed by a 
fvery small amount to C, + d, and let the corresponding root 
of equation (2) change from z=jy, to z=j y,, 1D: 
: inserting the new values into equation (2) and using also 
equations (9) and (10) gives 


Cyy + Cy tany =0 


p = — dC, cos? y,/[C3y,(¥, + ¥ sin 2y,)— 
= JO3y,(Cz + C, cos? y,)] 


| 


(11) 


ABut y, + 4sin2y, is positive for all positive values of y,, 
and so the real part of the denominator is positive. Hence 
the real part of p, and so also of z, has the same sign as —d. 
Since, for stability, the real part of z must be negative it 
Hfollows that C, must be greater than the critical value given 
| by equation (10), i.e. 


1) Fie Cin cot y, 
t or, using equation (9) 


| Cy > — VIC C3/Co (12) 


iThe same result is obtained if variations of Co, C, or C; are 
considered. 

Equation (9) has an infinite number of roots, the values of 
which extend to 00, and so there are an infinite number of 
\critical values of C,. Suppose first that C; and C3 are positive. 
The right-hand side of inequality (12) is then negative, and 

the necessary and sufficient condition for stability is that 
Jinequality (12) should be satisfied for the smallest value of Yn 
|To see this let Cz be decreased continuously from a positive 
ito a large negative value. It has already been shown that 
i when all the coefficients are positive all the roots lie in. the 
\left-hand half-plane. As C, is decreased the first critical 
Bl value, corresponding to the smallest value of y,, is reached 
land as C, is reduced below this value a pair of complex roots 
ipass into the right-hand half-plane in accordance with 
expression (11). - 
i| Further reduction of C leads to the second critical value, 
|corresponding to the next smallest value of y,, and as C, Is 
reduced below this value a second pair of roots pass into the 
\right-hand half-plane, and so on. Once the roots have passed 
hinto the right-hand half-plane they cannot return to the left- 
ihand half-plane, for in order to do so they would have to 
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cross the y-axis from right to left, and expression (11) shows 
that this is impossible while C 2 Is decreasing. 

If C, <0 (C; still being positive) the right-hand side of 
inequality (12) is positive, and since there is no limit to the 
value of y, the inequality cannot be ‘satisfied for any finite 
value of Cy. There always remains an infinite number of 
roots in the right-hand half-plane. Hence C, must be 
positive. 

Finally, suppose that C; <0. If C, > 0 the right-hand side 
of inequality (12) is again positive and the inequality cannot be 
satisfied. If C, <0 it can easily be shown, e.g. by sketching 
the graphs of tanhz and —(Co + C,z)/(Cy + C3z), that 
equation (2) has a real positive root whatever the value of C>. 
Hence C3 must be positive. 

The necessary and sufficient conditions for equation (2) to 
have only negative real roots or complex roots with negative 
real parts can therefore be expressed as: 


Go 0 Cr 0, G0 (13) 

and —C/C, < y, cot yy (14) 
where y, is the smallest positive root of the equation 

y tany = C)/C; (15) 


The relation (14) can conveniently be exhibited in the form 
of a graph showing the critical values of —C,/C; plotted 
against 1/[1 + (Co/C;)]. Only points lying below the graph 
represent stable states. 

Two limiting cases of relation (14) are easily deduced. If 
C,/C3 is small the inequality becomes C, + C,> 0, and if 
Co/C3 is large —C,/C, < (a?/4)(C;/C). 

In the same way it can be shown that if Cy) = 0 but C; + 0, 
the conditions for the roots of equation (2), other than 
z = 0, to lie in the left-hand half-plane are 

Ci G3. = 0 if Ge = 0 (16) 


(17) 


and C Se CH= 0 if C; <0 
C; can be positive, negative or zero. 

Stability criteria for the servomechanism can now be 
obtained by substituting the relations (8) into the inequalities 
(13) and (14). C, and C; are inherently positive and the 
remaining criteria are 


I= 7019 © (18) 

and => ab) T/27) <= yr COL y, (19) 
where y, is the smallest positive root of the equation 

ytan y= (b— abd) /2T,) (20) 


In order to secure any improvement in the performance of 
the system the feedback must be negative, i.e. ab <0. The 
first inequality is therefore satisfied and the amount of 
negative feedback is limited only by condition (19). At the 
critical value of ab this inequality becomes an identity. 
Eliminating ab from conditions (19) and (20) then gives 


(21) 


For any given value of 7,/T,,, this equation can be solved and 
the corresponding critical value of ab can be calculated from 
condition (19). In general T, will be much less than T,, and 
the solution of equation (21) is 


Ve Gr/4) + Tolar T) (22) 
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Substituting this into condition (19) gives 


—ab < 4nT,,/T.) + (2/7) (23) 
In practice the amount of feedback would be made rather 
less than the critical value to avoid the unpleasant con- 
sequences of the damping factor being too small. 

This particular example, which was chosen for its sim- 
plicity, can also be easily solved by considering the Nyquist 
locus diagram of the loop transmission function Ab exp ( —pii.)s 
The simplicity arises from the fact that the characteristic 


Creep and static friction 
By R. T. Spurr, B.Sc., Ph.D., Ferodo Ltd., Chapel-en-le-Frith, Stockport, Cheshire 
[Paper received 13 June, 1955] 


It is shown that the static friction between a soft metal hemisphere and a flat surface increases 
with the length of time the surfaces have been in contact and that this increase is due to creep. 
Such creep might account for the difference between static and dynamic coefficients of friction. 


Parker and Hatch“) have shown that the static friction 
between a soft metal hemisphere and a glass plate is related 
to the area of contact between hemisphere and plate, and 
Moore and Tabor®) observed that the area of contact 
between an indium hemisphere and a glass plate is influenced 
by creep. The work described below was undertaken to 
combine the two observations and determine the effect of 
creep on friction. Specimens of indium and zinc were 
loaded against glass surfaces for various periods of time, and 
the tangential force required to initiate sliding measured. 


EXPERIMENTAL DETAILS 


A simple apparatus (Fig. 1) was built to measure p, (the 
static coefficient of friction). Two parallel metal rails were 
glued to the underneath side of a thick glass plate, V-shaped 
grooves being machined in the bottom of the rails. Corre- 
sponding grooves were machined in a solid metal base, and 
base and plate kept apart by lubricated steel balls rolling in 
the grooves. Motion of the plate was thus restricted to 
translation in one direction and a force could be applied in 
this direction by running water from a large reservoir into 
a teaker connected to the plate by a thread running over a 
pulley, a similar beaker being attached to the other end of 
the plate as a counterweight. The specimen holder was 
mounted at one corner of a large triangular plate which 
could rotate about an axis passing through the other two 
corners. A long lever was bolted to the triangular plate at 
right angles to this axis of rotation, and passing over the 
specimen. On the specimen end of the lever, weights could 
be adjusted so that an unloaded specimen just touched the 
glass specimen clamped to the plate. 

The metal specimens were prepared by casting molten metal 
into Brinell ball indentations in polished brass and mounting 
the resulting hemispheres in a tube. A crank arrangement 
permitted each specimen to be used a number of times, the 
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equation (6) for the servo corresponds to a degenerate form ij 
of the more general equation (2) obtained by putting C; = C3. 
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specimen being rotated so that a fresh area could be used for 5) 
each measurement. The glass surfaces (microscope slides) © 
against which the specimens were loaded were cleaned with 7 
chromic acid and distilled water or organic solvents and jf 
carefully dried with filter paper. 


Fig. 1. 


Friction apparatus 


A, cranked specimen holder containing hemispherical speci- 
men; B, thick glass plate sliding on steel balls; C, normal load; 
D, tangential force; E£, pivot. 


Each measurement was made by adjusting the counter- 
weight until the specimen was just not in contact with the | 
glass. The load (200 g) was then applied gently, held on for — 
the required period (5s to 30 min, the measurements being 
made in random order), and water then poured into the # 
beaker at a constant rate until macroscopic slip occurred. 
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The force required to overcome the friction of the lubricated 
ij steel balls was measured separately. 


RESULTS AND DISCUSSION 


_ The increase in 2, of the indium hemispheres with increase 
in the time the surfaces have been in contact (“preloading 
time”’) is shown in Fig. 2. The apparent area of contact was 
| measured after each run and found to increase with time of 

loading in the way described by Moore and Tabor. The 
I) “specific friction,” i.e. f4,/area of contact, was found to be 
constant for a given specimen and independent of the time 
9) the surfaces had been in contact. Thus the increase in by 


° 


See 


Meg ee sates iar eee Te = 
a Ae SAS 
5 {O 5 

Time (min) 


Fig. 2. pw, plotted against preload time for indium 

hemispheres. (Upper curve 1,4; in. and lower curve + in. 

hemispheres.) Dotted line represents ‘‘specific friction”’ 
against preload time for + in. hemisphere 


| with time was caused entirely by the increase in the area of 
‘contact due to creep. 

The increase in 4, of zinc hemispheres with time of pre- 
| loading was also measured. In the experiments with indium 
the load was removed before the tangential force was applied, 
otherwise the area of contact built up and results were erratic, 
but as the contact area of the zinc would not be expected to 
‘grow during sliding under load, the load was not removed 
: ‘before the tangential force was applied. Results obtained 
§\ with three different zinc specimens are shown in Fig. 3. 
i) There was considerably more scatter in the results for zinc 
4) than in those for indium, but there was a definite increase in 
i) ., with the time the surfaces were in contact. The areas of 
4) contact were too small and ill-defined for the specific friction 
| to be measured. 

Attempts were made to determine the effect of creep on 
| the static friction of flat surfaces, but the scatter in the experi- 
| mental results was too great for any definite conclusions to 
‘be drawn. However, contact between nominally flat surfaces 
} occurs at a relatively few asperities of small radius and so 
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the rate of creep of hemispheres of various radii against 
flat surfaces was examined. It was found that for a given 


load the smaller the radius of the ball the lower the area of 
contact/time curve and the sooner the rate of creep decreased 
It would therefore be 


f 


to a small almost constant value. 


0:8 


Ob 
+ 
04 
2 4 8 (2 
Time (min) 
Fig. 3. js, plotted against preload time for 4in. zinc 
hemispheres. Each curve represents a different specimen 


expected that with nominally flat surfaces the heavily loaded 
asperities would creep rapidly but would soon be exhausted 
and consequently that it would be experimentally difficult to 
measure the effect of creep on the friction of such surfaces in 
the way described above. 

Creep may be a cause of scatter in experimental deter- 
minations of friction unless constant pre-loading times are 
used. It is also suggested that creep may, to some extent, 
be the cause of the difference between the dynamic and static 
coefficients of friction, for with static loading the areas of 
contact can increase by creep, whereas during sliding the 
individual contact areas (except for very soft, clean metals) 
are continually changing and the increase in their areas 
thereby limited. 
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The capacity and field of a cylindrical trough with a plane conducto 


in the axial plane of symmetry 


By H. J. Peake, M.A., M.Sc., Ph.D., and N. Davy, D.Sc., The University of Nottingham 
[Paper received 25 May, 1955] 


The transformation z = b cn (Kw/U) is taken as basic, and from this the’ complex potential, 


field and capacity of a condenser, consisting of an infinite cylindrical trough and an infinite 
plane conductor of finite width situated in the axial plane of symmetry, are obtained by the 


method of inversion. 


In two special cases tables are provided giving the values of the electrical intensity at points 
on the axes of symmetry and the surface density of charge at points on the conductors. Tables 
and graphs are given which enable the capacity to be readily calculated. 


NOTATION 


The co-ordinates of any point in the plane before and after 
inversion are denoted by z =x + iy, and z, respectively, 
2, is the complex conjugate of z,;. The complex potential is 
w = u + iv, where wis the potential and v the stream function. 
The usual notation is used to denote the Jacobian elliptic 
functions of modulus k, namely, cn w, and 


| 


0 


7/2 
dd|(1 — k2 sin? dy 


and K’ is the same function of k’ as K is of k, where k’2 = 
1 — k2, 


THE TRANSFORMATION 


The transformation 


z = ben(Kw/U) () 


gives the complex potential at any point in the z-plane for 
the system of conductors comprising a plane conductor AB 
of length 2bk’/k raised to a potential U placed symmetrically 
between two earthed semi-infinite plates CD, EF in the same 
straight line, but perpendicular to them. The semi-infinite 
plates are separated by a distance DE, equal to 2b. The 
capacity of the system is K’/7K.* 


THE INVERSION 


Geometrical argument. Two different systems are obtained 
on inversion about a point J a distance a from DE along the 
line AB, the radius of inversion being a, according as a is 
greater than or less than bk’/k. These are illustrated in 
Figs. 1 and 3 respectively. We shall first consider the case 
when a > bk’/k (Fig. 1). 

The circular arc, centre O, has radius R = a/2 and is at 
zero potential. A,B, is symmetrically placed and raised to a 
potential U. It will be shown that if the position of A, is 
determined, that of B, is also of necessity determined. 
Indeed, if the co-ordinates of A, and B, are denoted by 
iRq and iRp respectively, pg = 1. 

If /B,O,E, and /B,O,P, are denoted by « and 9, it can 
readily be established that 


(b/a) = tan (a/2) and (x/a) = tan (0/2) 


P, being any point on the arc. 


(2) 


* For details of the basic transformation the reader is referred 
to Thomson.) 
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Algebraic transformation. O is taken to be the origin i 


n 
the z-plane and O, that in z,-plane. The axis of x is CF and }f 


the axis of x, is parallel to this. 


Fig. 1. 


a > bk'/k 


By definition of inversion, we have 


(z + ia).(Z, — ia/2) = a* (3) 
From equations (1) and (3) 
ben (Kw,/U) = — i2R(Z, + iR)/(Z, — iR) 


4 


« f 


If z; =r(cos @ + isin 6), we obtain after some reduction: {f 


2rR cos 8 + i(R2 — r?) 
R2 + r2 + 2rRsin 8 


ben (Kw,/U) = 2R 
From equation (3) 


dz/dz, = — (z + ia)?/a? 


(5) ff 


© | 


It is convenient to replace k by sin ($/2), when k’ becomes 4 


cos (¢/2). The co-ordinate of A is 

ik’blk ~ i2R[tan (oe/2)/tan ($/2)] 
so that from equation (3) we obtain 
q = sin (4¢ — 4a) cosec 4h + 4e) 
p =sin 4¢ + 4a) cosec 46 — 4x) 


Also tan ($/2) = [A + 4)/(A — q)] tan (@/2), so that if « and 
q are given, k may be calculated since k = sin (4/2). 
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Electrical argument. Ynversion is a particular conformal 
transformation, so that equations (4) and (5) give the 

complex potential w, at any point in a plane normal to the 

1 axis of an earthed cylindrical trough and a finite plate at a 
} potential U symmetrically placed as illustrated in Fig. 1. 

§\ The capacity of this system will be K’/7K, the same as the 
|Capacity of the original system of conductors. 


ELECTRICITY INTENSITY 
| | At any point in the plane the magnitude of the electrical 
jintensity EF is given by 


: E = |dw,/dz,| = |(dw,/dz\(dz/dz,(dz,/dz,)| 


. poe z = ben (Kw/U) 
%so that dz/dw = — (Kb/U) sn (Kw/U) dn (Kw/U) 


im b2 sn? (Kw/U) = b2 — z2 


giand 5? dn? (Kw/U) = k2z2 + (k’b)2 


| 
jr Bel: (z + ia)? 
| Ka? 


(8) 


i | [(2 ASE. Z*)(b2k’2 + ae 

‘ . for points-on O,X,, y, =0. If xX, is replaced by Rt, 

Pee OR 3) - and 7 + te = ARIE) 

E 

p Also b? — 2? = 4R? sec? («/2)(¢2 + 2it cos « — 1)/(t — i)? 

Bend 

( : : & 

BH)? 472 = ani| lat aa (ai2) cot? = 
Sh 

| = 2R? sec? (a/2) cosec? (d/2) 

| (cos « — cos ¢\(p — it)(q — it)/(t — i)? 

Hsing equation (7) and some reduction. 


Substituting these expressions in equation (8) we obtain 
for the electrical intensity at points on O,X;: 


i 


| Usin « 2 
e= [(¢4 + 2t2. cos 2x + 1) 
KR als a ~~ COs a)/ (72 as p2\(t2 ae q?)}* (9) 


| 
1 


! 
i 


where Rt =x, 

| ee points on O,¥, we have that z = iy, so equation (8) 

@ivields 

\/ E = (Ub/Ka?)(a + y)?/[6? + y?)(b2k'2 ~ k2y?)]t 

| Dn putting? = y,/R,y = all —D)/(1+d),a+y=2a/1 +d 

nd 52 + y?2 = a2sec? (a/2)(t2 — 2tcosa + 1)/ +1)? 

L2p2 — k2y2 = a?k2[(1 + 1)? tan? (@/2) cot? (4/2) — 

— (1 — #)?]/ + 42 = [ak sec («/2) cosec(¢/2) |? 
(cos & — cos a(t — p(t — g)/20. + 1)2 


hfter some reduction in which pq is replaced by 1. 
i) For points outside the conductor A,B, ¢ lies outside the 
range gq < t <p, and we have from equation (8) 


wee U sin aa 2K(cos « ~ cos 4) (10) 
KR (t2 — 2tcos « + 1)(t — p)(t — gq) 
| here t=y,/R 
| At the centre O,, t =0. Since pg = 1, equations (9) or 
110) give, for the electrical intensity at O;, 
_ E=(Usin «/KR)[2/(cos « ~ cos ¢)]} (11) 
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The capacity and field of a cylindrical trough with a plane conductor in the axial plane of symmetry 


SURFACE DENSITY OF CHARGE 


On a conductor the surface density of charge o has 
magnitude equal to |dw,/dz,|/47. 

On the conductor A,B,. We may obtain o for points on 
the conductor 4,B, from the previous section provided we 
allow for the fact that q < t < p in this case. Thus 


CLs tin cvs 2/(cos « ~ cos d) (12) 
47KR (¢2 — 2tcosa 4 1)\(p — H(t — 4g) 

On the circular are D,E;. Yn this case we replace z by x in 
equation (8) and introduce the factor 47 into the denominator. 
Since x =atan(6/2), we have x2 + a2 = a2 sec? (6/2), 

b? — x? = a? (cos @ — cos «)/[2 cos? (a/2) cos? (8/2)] 
bk’? | _, a1 + cos A cos 6 — cos a cos @ — cos « cos 4) 


(ee [2 cos («/2) cos (6/2) sin (4/2)? 


Consequently 


C= 
U sin «/47KR ; 
1/[2(cos « ~ cos §)(1 + cos A cos  — COS %COS f — COS «COS ’)| 


(13) 


= CASES OF ESPECIAL INTEREST 
Case 1 


When ¢ = «, q is zero and p is infinite. 4,B, is then a 
semi-infinite plane conductor situated symmetrically with A, 
at the centre of the circular conductor. Observing that 


2 sin? «/p(cos « — cos 6) = sin? « cosec? (b + a)/2 


which approaches unity as ¢ approaches «, the following 
results are easily deduced from the appropriate relationships 
above. 


Electrical intensity, E. Points on O,Y, t=y,/R<0 
E = (U/KR)/[(— 1 — 2t cos « + 1)]t (14) 

Points on O,X, t= x,/R 
E = (U/KR)/[#2(t4 + 22 cos 2x + 1)]* (15) 
Tables 1 and 2 give the values of RE/U for selected values of 
tand «. Fig. 2 gives the map of the field in the case when 


Table 1. Values of (ER/U) at points on O, Y, where 
t = y,/R <0 [using equation (14)] 


fe eee: 45° 60° 90° 120° 135° 150° 
0-0 ee) cO CO oe) oO CO ee) 
Oiled ates, Shite APS = SG} es Sileeyl = aoath 2 = ip025) 
OPP ARNO Sake Ne iO oily = en sy = -OsO7® 
0:4 | 0:727 0-736 0-751 0:792 0-841 0-854 0-836 
0-6 | 0-521 0-532 0:547 0-597 0-687 0-752 0-824 
0:8 | 0-402 0-411 0-424 0-471 0-565 0-653 0-801 
1:0 | 0:324 0-331 0-342 0-382 0-464 0-544 0-698 
1:2 | 0:269 0-275 0-284 0-315 0-380 0-441 0-549 
1-4 | 0-228 0-233 0-240 0-265 0-314 0-356 0-418 
1-6 | 0-197 0-200 0-206 0-226 0-262 0-289 0-322 
1-8 | 0-172 0-175 0-180 0-195 0-221 0-239 0-254 
2:0 | 0-152 0-155 0-159 0-171 0:189 0-200 0-206 
3-0 | 0-093 0:094 0-095 0:099 0-101 0-100 0-100 
5:0 | 0-048 0-048 0-048 0-047 0:045 0-043 0-039 
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« = 120° obtained by the method described by Snowdon 


and Davy. 


Table 2. 


oi 
Rg 


Values of (R/U)E on O,X, where t = x,/R 
[using equation (15)] 


45° 


60° 


90° 


120° 


135° 


150° 


AWNRRRr Rr OOOCOoOCSo 


SOOHKARNOHAAKRNHS 
° 
Ww 
No 
N 


oO 
1-94 

(heesT/ 

0-961 
0-766 
0-628 
0-°515 
0-422 
0-349 
0-292 
0-248 
0-213 
OTe, 
0-055 


oe) 

1-88 

1-34 

0:972 
0-°817 
0-708 
0-593 
0-479 
0-385 
0:314 
0-261 
0:221 
OOTl7 
0:054 


oe) 
Legs 
23 
0-930 
0-370 
1-01 
co 
0-742 
0-465 
0-341 
0-269 
0-220 


oe) 
1-47 
1:05 
0-760 
0-639 
OZ555 
0-464 
0:°374 
0-301 
0-245 
0-204 
0-173 


oe) 

i382) 

0-932 
0-655 
0°522 
0-428 
0-350 
0:287 
0:237 
0-199 
0-169 
0-145 


0-110 0:092 0-080 
0:049 0-042 0-037 


o) 

1:14 

0-800 
0-547 
0-422 
0-338 
0:275 
0:226 
0-189 
0-160 
0-138 
0-119 
0-068 
0-032 


Fig. 2. Map of equipotentials when plane conductor is — 
semi-infinite and « = 120° 


Table 3. Values of (47R/U)o at points on the semi-infinite 
plane conductor, t = y,/R > 0 [using equation (16)] 
ee 30° 45° 60° 90° 120° 135° 150° 

0:0 oe) ee) ee) CO e) co oo) 
Dota) oie =o Vere LOC Ss Sy allo 70s hos ri ken les les) 
Oeaets6S slo oye 45a Se OL 9S tes SOZO86 
ORR Ada el 5a0 108 = 0579280 -S87en0 2501 02420 
O:67e1c43" = 1-10) 0878) 02597) -0-428.= 0362702301 
OF84ie1°39~ 02959" 0-723 0-471 0332 02280. 02232 
1 Oo 2 1 20799 = 02593) 70-3825 .02268). OF 226m Oe asi 
f-2)) 0-950. 0-648 0-486 —0°315* 0:222-50-187~ 10-155 
1-4 | 0-723 0-522 0-401 0-265 0-188 0-158 0-132 
te6nl 07557 0425 -.0:335 =0-226) 10-161 “021377 Old 
1-8 | 0-440 0-350 0-283 0-195 0-141 0-119 0-0993 
2:0 | 0:357 0:294 0-242 0-171 0-124 0-105 0-0878 
3-0 | 0-165 0-147 0-129 0-099 0-074 0-064 0-0535 
5:0 | 0:062 0-063 0-058 0-047 0-037 0-032 0-0275 
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Surface density of charge, o. On the edaetoe ABy i 


t=y,/R>0. From equation (12) we obtain | 
o = (U/4rKR)/ [122 — 2t cos « + 1} (16) ) 


Table 3 gives the relevant data. 
On the circular conductor, D,L,E; 


o = (U/42KR)/[2(cos 8 — cos «)]* 


from equation (13). It is convenient to replace 6 by 7 —O © 
and « by 7 — &’ in the above, giving 


o = (U/47KR)/[2(cos «’ — cos 6’) | (17) 


Table 4 gives the values of (47R/U)o for selected values of ) 
«’ and the ratio (0’/«’). 


Table 4. Values of (47R/U)c at points on the circular are 
[using equation (17)] 


ie 45° 30° 150° 135° 120° 90° 60° 
0:0 | 0-544 0-698 0-324 0-331 0-342 0-382 0-464 
0-1 | 0-567 0-702 0:327 0:334 0-345 0-384 0-466 @ 
0:2 | 0:556 0-713 0-336 0-342 0-353 0-391 0-474 °% 
0-3 | 0-572 0-733 0-353 0:357 0:367 0-404 0-488 @ 
0:4 | 0-597 0-763 0:379 0-380 0-388 0:424 0-510 FF 
0:5 | 0-633 0-809 0:417 0:415 0-419 0-454 0-542 & 
0:6 | 0-687 0:876 0-475 0:466 0:466 0-498 0-590 
0:7 | 0-772 0-983 0:568 0:546 0:539 0:567 0:665 & 
0-8 | 0-923 1:17 0-731 0-686 0:667 0-686 0-797 @ 
0-9°11-28 1-62 1-1 1:08 02960 -0-964- iis i 
0:94, 1°63 2-07 1:48 1-32 0-125 1-24 1:-423a— 
0-98! 2-81 — 3-54 2-68) - 2-347 22-19. 2-1 eae 
1:00) @ CO oe) (oe) ©O ee) ©O 


Case 2 


When « = 77/2 the plane conductor A,B, is finite and the {i 


circular arc, semi-circular. In this case g = tan (¢/2 — 77/4) 
from equation (7) and the modulus & is determined from — 
k = sin (¢/2) when q is given. Of necessity p is determined | 
since pg = 1. The following expressions are obtained from) 
equations (9) to (13) above. 


Electrical intensity. Points on O,Y;,t = y,/R and must be 
outside the range g <t<p. 


E = (U/KR)V/@2 sec $)/[@? + DG — ptt — a) FP 
Points on O,X,, t = x,/R tf 
= (U|KR)y/2 sec $)/[(2 — 122 + p22 + @)]* (19) 


Surface density of charge. 
A,B,, t = y,/R, where q <t 


(18) 


At points on the conductor 
<p 


o = (UJATKR/ see $)/[(2 + Ip — Nt — Qt 20) 
At points on the circular conductor 
o = (U/47KR)/[2 cos 81 + cos & cos ’)}3 


(1) 
¢ =7—¢ and W& =7—8 


where 


RADIUS OF INVERSION LESS THAN bk’/k 


We now proceed to the case when the radius of inversion 
is less than bk’/k. The centre of inversion J is now on the i 
conductor AB, so that the inverted system consists of a 
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circular arc at zero potential, together with two semi-infinite 
| plane conductors each at potential U in the straight line 
1fCO but separated by a finite distance A,B, equal to 
| R(q — p). The system is illustrated in Fig. 3. 


zero 


Gj! 00 


1g, Sie 


The previous sections remain applicable provided allowance 

#: is made for the fact that since a < bk’/k, 6 <a and p and q 
# are, aS a consequence, negative. Equations (9) and (13) are 

# accordingly unaltered, but in place of equations (10) and 
(12) we have the following. 


i| 
i 


Electrical intensity at points on A,B, p<t<q 


The capacity and field of a cylindrical trough with a plane conductor in the axial plane of symmetry 


It is of interest to consider the special case, which arises when 
Pp =q=—1, ¢=0 then so that k is zero and K = 7/2. 
The gap A,B, is then infinitesimal. The following results are 
easily obtained from the previous sections. 


Results when the gap A,B, is infinitesimal 
Electrical intensity. At points on O,X pix = Ret 
E= (4U/7R) cos (c/2)/[(t2 + 1)2(t4 + 222 cos 2% + 1)]* (24) 


Surface density of charge. 


o = (U/7?R) cos (@/2)/[(. + 2/(t2 —2t cose +1)] (25) 
At points on the circular arc 


2 4/(2)U cos («/2) 
° ~~ 4n2R cos (6/2)4/(cos a ~ cos @) 


At points on O,Y,: where 


(26) 


A comparison of these results with those given in a previous 
paper) reveals that equations (23) and (25) of that paper 
are equivalent to equations (24) and (26) above, since the 
y and ¢ appearing there are supplementary to « and @ 
respectively. Equation (22) in Ref. (2) and equation (25) 
above only differ by the factor 47. This is in agreement 
with Coulomb’s law, since the former equation gives the 
electrical intensity at points on the axis of symmetry O aie 
the latter the surface density of charge at points on the infinite 
conductor placed along O, Y,. 


THE CAPACITY 


E= U sin « e 2/(cos 6 ~ cos «) 9 The capacity of both the derived systems will be that of 
KR (22 — 2t cos « + 1)(t — pg — A) (22) the original system, namely, K’/(77K), the elliptic modulus 
being determined from the following: k = sin (¢/2) and 
Surface density of, charge on the semi-infinite conductors 
tan (¢/2) = [A + / —g)] tan(@/2), —1<q<l. 
U sin =I] 2/(cos 6 ~ cos a) (3) th ee Db fi, ae 
Cues ee SRE Sa pe e capacity for the system o 1g. 1s determine Vy 
ee © SpE PS) assigning positive values to g, whereas that of the system of 
| where t=y,/R Fig. 3 is determined by assigning negative values. Table 5 
7) Table 5. Values of K’/K 
| Positive values of q 
ls 0-0 0-1 0-2 0-3 0-4 0-5 0-6 0-7 0-8 0-9 0-94 0-98 1-0 
| 30° 1573 1-61 1:49 136 1-24 slot 0-969 0-828 0-681 0-520 9-442 0-338 0:0 
45° 1-47 13'S 1-24 OLS} 1-02 0-906 0-797 0-688 0-578 0-454 0:394 0-308 0:0 
60° 1:28 1-17 1-07 029695 028745 20-782" 026935, 026045 02515. 0:415= 02365) 022895020 
90° 1:00 O-917> 50° 832-> 0-758) 02690! .0-625." 0-564 0-501" 20-438) 02363) 0:324" 10-2632 20-0 
1205 0273292 02719 06625105618) 5 0'562).50- S15. - 0-472- 0-427, 0-380") 0-323) 0310) 0-238 020 
1352 O-68i- 5 0:630"= 07585) 02542-* 0"502. 02465 0429) 0-393. ~ 0°352> 0-303 -0:291- 0-226" 0-0 
150° Os577, 2202539). 0-503 0" 471 05442. 02413 0383, 0-353 0-321 ~~ 0:278  0:268 0-210 2050 
Negative values of q 
30° 1:73 1:86 1:99 Drew, Di 2A? 2:61 2:83 Syl 3-59 3578) 4:77 co 
ASS 1-47 59 1-71 1:85 1-99 DONS) De 33 Dass) 2:85 3-30 3-44 4-42 co) 
60° 1-28 1:39 [esyl 1-62 1S 1-94 Dele 234. 2-63 3210 Sy) 4:20 co 
90° 1-00 1-09 1-20 1es2 1:45 1-60 oay 2-00 2-28 2°75 3-09 3-80 co 
120° On 370" 85500 0293652103 1-14 1-28 1-44 1-66 1-94 Deeks| Dp Wa 3-46 eo) 
15> 0:681 0-740 0-807 0-888 0-985 1-10 1-26 1-45 log 2°21 Deel 3-24 oe) 
150° O25 0-621. 0-673)— 0°734=5.0=809) 0F905) — 1-03 1-21 1-47 1-92 2:26 2°96 oe) 
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Table 6. 


Values of K’]K when plane conductor is semi-infinite 


a in degrees 0 D 4 6 8 10 


K’|K cO 


3-457 3-018 2:762 2-577 2-436 1°994 1-732> 17546, 1-401~ 12277 1176 108s 1-000 — 


20 30 40 50 60 70 80 90 4 


a in degrees 100 110 120 130 135 


KK 


140 
0-9226 0-8504 0:7818 0:7139 0:6810 0:6468 0-5773 0:5017 0-4105 0:3880 0-3621 0°3313 0-2892 0-0 


180 


150 160 170 t72 174 176 178 


SO 


2-Ob 
= 
SZ 
Ke) 
fe) 
- -O5 O O05 
q 


Fig. 4. Graph of K’/K against « 


Curverl= co — 150°. cutive: 2.0 — 1202 scurve- 3,60) 9078 
curve 4, « = 60°; curve 5, « = 30°. 


_ gives the values of K’/K for selected values of « and qg and 
Fig. 4 illustrates the various graphs. Table 6 and Fig. 5 
correspond to the case when the plane conductor is semi- 
ipinitesttesn gO, Over=. the Trance = lO =< 04-130 = 
K’/K is given correctly to three decimal places by the linear 
equation K’/K = 1-5981 — a(6-803)10~3, « being in degrees. 
_ Over the range 100° < « < 140°, it gives the ratio correctly 

to two decimal places. The equation was obtained by the 
method employed in the paper already cited. 


BRITISH JOURNAL OF APPLIED PHYSICS 


408 


326) 


1C 
ww 
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x 
LO 
0 60° 120° 180° 


Fig. 5. Graph of K’/K against « when the plane 
conductor is semi-infinite 
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. NOTES AND NEWS 
a Ce 
i; New books 


Beta- and gamma-ray spectroscopy. Edited by Pror. Kar 
| SIEGBAHN. (Amsterdam: North-Holland Publishing 
|| Co., 1955.) Pp. xxiii + 959. Price 152s. 


| The term spectroscopy has a very wide meaning nowadays, 
a rough definition being “the study of the interaction of 
| radiations and isolated physical systems.”” The radiations 
} need not be optical or even electromagnetic; electrons, 
neutrinos and sound waves can all qualify for admission, 
rf while the emitting system may be a nucleus, an atom, a 
4} molecule or a crystal. Absorption and scattering processes 
} must be included, and even the word “isolated” must be 
#; stretched to cover the effects of ambient fields and of neigh- 
| bouring systems. 
| 


i 


fl 


The book under review is an up-to-date survey of the 
F Spectroscopy of beta-rays and gamma-rays, including 
} neutrino-recoil and positron-annihilation spectroscopy and 
| the spectroscopy of gamma-rays (but not nuclear particles) 
emitted in nuclear reactions. 

The size and scope of the book, as well as the amount of 
detail included, remind one of the traditional “Handbuch,” 
® but the chapters are numerous and comparatively short and 
- many of them are divided into self-contained sections. Some 

chapters are specifically experimental, for example Chapters 
: 3 (Siegbahn) and 8 (Mitchell and Slatis) on beta-spectrometers 
and associated techniques. Others, such as Chapters 9 
¥} Rose) and 10 (Konopinski) on beta-decay theory, are 
f essentially theoretical, but most. of them contain both 
experimental and theoretical material. 

¥} Such a book can be successful only when the authors of 
}; the individual sections are thoroughly expert in their fields 
§} and are well aware of what is being written by their colleagues. 
#| Professor Siegbahn has chosen the members of his team 
i admirably and led them very skilfully. Gaps and overlaps 
#) are few and the quality and coherence of style must be 
ij reckoned quite remarkable in a work of international author- 
9) ship. P. B. Moon 


9 pee re my 


j Higher transcendental functions. Volume 3. Edited by 
a) A. ErpELy1. (London: McGraw-Hill Book Co. Ltd., 
1955.) Pp. xvii + 292. Price 49s. 


i) This is the third, and final, volume of a comprehensive account 
i) of what are frequently called the functions of mathematical 
| physics. It has been produced by a distinguished staff of 
| American mathematicians using as a basis some notes left 
| by the late Harry Bateman. Previous volumes have dealt 
| with most of the common functions (gamma, Bessel, 
| Legendre, etc.); this volume includes accounts of the pro- 
f perties of Lamé functions and Mathieu functions. In addition 
| it contains a most useful collection of generating functions, 
; which is probably the most complete of its kind, and some 
| rather disconnected notes on automorphic functions, and the 
functions such as that of Riemann, which occur in number 
theory. No one would be likely to use a treatise of this kind 
other than as a work of reference or a source of inspiration 
| for examination questions. But it is well and clearly written, 
| it is extraordinarily complete in references up to 1954, and 
| is sure to prove invaluable to the applied mathematician who 
' meets one of these functions and wants to know more about 
hit. It is a little odd that though almost the whole use of 
these functions is in applied mathematics and theoretical 
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physics, there is absolutely no evidence of this in the text. 
If Harry Bateman had written it, there would have been. 
C. A. CouLsoNn 


Theoretical structural metallurgy. By Dr. A. H. Corrre Lt. 
[London: Edward Arnold (Publishers) Ltd., 1955.] 
Pp. viii + 251. Price 25s. 


In the preface to the first edition of this book, the author 
says that it is written for metallurgical students; the reviewer 
has no hesitation in recommending it also to physicists. It 
is clearly and simply written, the mathematics is kept to a 

minimum, and every opportunity has been taken to present 

the various subjects in a physical way rather than by formal 

analysis. Those physicists who prefer this type of approach 

will find that this book provides an excellent guide to recent 

progress in the theory of metals. 

The subjects covered include the nature of interatomic 
forces, the electron theory of metals, the thermodynamics of 
phase diagrams, diffusion, and order-disorder phenomena. 
The reviewer was particularly pleased to see a detailed treat-_ 
ment of the principle of minimum free energy applied to 
equilibrium diagrams of alloy systems; to a physicist this 
provides a more complete and satisfying approach than that 
provided by the phase rule alone. 

The book is well printed and has obviously been carefully 
produced. The only error that the reviewer has noticed is the 
mis-spelling ““Van der Waal’s.” — H. Lipson 


Temperature measurement and control, Part II. Descriptive 
catalogue of exhibits in the Science Museum. (London: 
H.M. Stationery Office, 1955.) Pp. vi + 57. Price 3s. 6d. 


This handbook contains detailed descriptions of all the 
objects relating to temperature measurement and control that 
are preserved in the Science Museum in London. It is 
divided into the following sections : thermoscopes; seventeenth- 
and eighteenth-century thermometers; expansion thermo- 
meters; electrical resistance pyrometers; thermo-electric 
pyrometers; optical and total radiation pyrometers; miscel- 
laneous pyrometers; temperature recorders; thermostats. 
The booklet includes a list of makers of the instruments and 
of similar instruments in the meteorology collection. 


Proceedings of the Eleventh General Assembly of the Inter- 
national Scientific Radio Union. Part I “On radio 
measurements and standards.” (Union Radio-Scien- 
tifique Internationale, 42 Rue des Minimes, Brussels, 
Belgium.) Pp. 56. Price 8s. 8d. 


This publication describes the proceedings of Commission I 
of U.R.S.I. at its general assembly in The Hague in 1954. 
The document contains the reports presented by twelve 
national committees together with many references to pub- 
lished scientific papers dealing with radio measurements and 
standards. 

At the conclusion of the meeting it was recommended that: 

(i) The value of 299792 + 2km/s should be adopted for 
the velocity of electromagnetic waves in vacuum; 

(ii) an international comparison of standards of power 
measurement at 3000 and 10000 Mc/s should be made; and 

(iii) observations should be made on the service areas and 
mutual interference zones of the various stations now trans- 
mitting standard frequencies. R. L. SmirH-Rose 
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New books 


Einfiihrung in die Quantenelektrodynamik. By Dr. WALTER 
THIRRING. (Vienna: Verlagsbuchhandlung Franz Deu- 
ticke, 1955.) Pp. xii + 122. Price DM 17.50. 


The quantum theory of fields has developed extremely 
rapidly since the end of the last war. It represents at the 
present moment the front line of fundamental theory. In its 
application to electrodynamics it has already lead to quantita- 
tive predictions which are very accurately confirmed by 
experiment, while in the harder problems of meson theory it 
still meets with fundamental difficulties, both in the mathe- 
matics and in the physical basis. Dr. Thirring has undertaken 
to write an advanced text on electrodynamic theory, derived 
consistently and without much reference to the literature, 
from basic principles. The book should be a great help to 
the prospective specialist. There is a good deal of choice in 
the relations which are taken as a starting point for the 
development of such a subject, and there exist several schools 
which differ in the style with which they handle the mathe- 
matics. For a book of this kind it is right that the author 
should have made up his mind about the approach which he 
regarded as most suitable, and paid no attention to alterna- 
tives, though one cannot expect to find agreement between 
different authors about the most suitable approach or about 
the very selected references to the literature which are given. 
R. E. PEIERLS 


Some aspects of the crystallization of high polymers. By 
G. Scuuur. (Delft: Rubber Stichting, 1955.) Pp. 82. 
Price 5 Dutch florins. 


In this booklet, after a preliminary review of the literature, 
the author presents his own theory on the mechanism of 
spherulite formation in high polymers. This is later extended 
to suggest explanations for the various types of spherulitic 
structures and for the well-known crystallization and melting 
phenomena. 

Evidence is presented to show that within a single spherulite 
in an unstretched polymer or within the whole of a sample 
of crystalline stretched polymer there is a “continuous 
crystal lattice.” Unfortunately the argument here is confused 
by a rather loose use of this term. 

The discussion is qualitative and speculative but should 
prove stimulating to all workers in the polymeric field. The 
binding and printing are adequate and relatively free from 
errors. D. W. SAUNDERS 


Quantum theory of solids. By R. E. Pgrerts. (London: 
Oxford University Press, 1955.) Pp. viii + 229. Price 
30s. 


This book is most refreshing. It has been based on a course 
of lectures, and much of the directness—including the use of 
the first person—remains to make the style pleasantly read- 
able. The foremost comment is that it is not a book for 
beginners; the limitation of all the discussion to a few of the 
simplest lattices, the free use of the linear crystal as illustra- 
tion, and a refusal to make heavy weather of definitions of 
matrix elements, operators, etc., clear the decks for valuable 
comment but could make for difficulties if one was not 
familiar with them. The sections on transport phenomena 
bring Umklapprozesse into their rightful position of im- 
portance, and entirely remove them from the realm of 
mystery where they so often dwell. The remarks on structures 
distorted by Brillouin zone effects, on the sharp distinction 
between long range order in three dimensions and in fewer, 
on the effects of deviation from isotropic scattering and on 
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the scattering of electrons at very low temperatures in nortelll 
metals shed rays of light into some of the darkest corners of . 
the subject. But the chapter on semiconductors and — 
luminescence is a formality which might have been omitted. 
The book is well produced, has an index, a bibliography 


and a reference list which match the function of the book— 
not at all exhaustive or detailed but including most of the } 
Above all, it is a book for 
those who have some experience of the field and wish to @ 


keys to our present knowledge. 


renew their acquaintance with the fundamentals of the 
subject. W. M. LomMeER 


Metallurgy of the rarer metals. Vol. 3. Manganese. 


tions, 1955.) Pp. xiv + 305. Price 40s. 


Manganese is an appropriate choice for the third volume in 


this series since it is only in the past few years that useful — 
quantities of electrolytically produced, high-purity (99- 5%) 
metal have become available at low cost. An interesting 


account of the process is given in this book, which follows i 
the same general pattern as its precursors in first describing # 
at some length the distribution and nature of the metallic # 


ores and the methods by which their manganese content may — 
be extracted. After description and tabulation of the a 
properties of the metal, two lengthy chapters discuss the — 
constitution and properties of some sixty of its binary and — 


ternary alloys and there is.a final short chapter on the work- # 
ability of the metal, on methods of depositing it upon other — p 
surfaces in the form of coatings and on its oxidation charac- 4 


teristics at elevated temperatures. 
The book provides a unique compilation of data and | 


references and, like its companion volumes, will become and BF 
remain the standard reference on manganese for a long time # 


to come. G. L. J. BAILEY 


The physics of the ionosphere. 
Society Conference, 1954. (London: 
Society, 1955.) Pp. 406. Price 40s. 


This conference was held in the Cavendish Laboratory in ff 
September 1954. There were four parts, with titles “The ® 
lowest ionosphere,” “Irregularities and movements in the 
and ‘The mathe- 
Such | ff 
conferences, and the subsequent published proceedings, are # 
becoming an increasingly important medium of scientific 
communication. There has been evidence that the medium ff 
is not incapable of abuse, but no one can grumble at the 

quality of the present report, which is uniform with The & 


ionosphere,” ““The ionospheric F 2 layer,” 
matics of wave propagation through the ionosphere.” 


Physical Society’s “Proceedings.” There is inevitably some 
repetition of subject-matter and some variation in standard 
of the contributions but the general level of originality and — 
quality is very high, and publication has been notably 
rapid. 


Each part of the conference is introduced by a survey ~ 


article; the names of the authors—A. H. Waynick, J. A. 


Ratcliffe, D. F. Martyn and K. G. Budden—are a sufficient — 


guarantee of the standard of the work. The surveys conclude 
with short assessments of the significance of the papers 
presented at the conference and selective bibliographies. — 
They form an admirable introduction to their subject, not 
merely to the subsequent papers. 


and it could have not have been produced more economically. 
In short it is an excellent record of an unusually successful 
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By ff 
A. H. SuLty. (London: Butterworths Scientific Publica- jf 


| * 


Report of The Physical a: 
The Physical |B 


The report is as essential | 
to a library as any number of the Society’s “Proceedings” — 


conference, giving strong support to the view that such 
conferences are best organized and reported by an established 
\society with a publishing tradition. 
| Physical Society does not find it too expensive a venture. 

] G. D. RoBINson 


| The solar system. Vol. 2. The earth as a planet. Edited by 
GERARD P. Kurper. (London: Cambridge University 
Press Chicago: The University of Chicago Press, 1955.) 
Pp. xv + 751. Price 94s. 


Wi This book is the second of four volumes planned on the 
§jsolar system. It shares one characteristic with its predecessor 
| (The sun, reviewed in the November 1954 issue of this Journal, 
HP. 414): its emphasis on modern physics rather than the 
¥| “natural history” of earlier generations. In accord with 
i, today’s thought, this does not preclude the work from being 
ii primarily astronomical, and geophysics of the technological 
i bias which is filling some libraries now is not to be sought in 
| it. But it might well become the standard educational back- 
#izround to applied geophysics. It will also educate those 
#} experts in thermodynamics, radioactivity, magnetism, spectro- 
i; scopy of energy levels, photochemistry, elastic wave reflexion, 
Hietc., who have tended to confine their attention to the 
Hiaboratory. 
The work is co-operative, with chapters by English, 
¥;Commonwealth, European and American researchers, under 
¥: the guidance of Dr. Kuiper the astrophysicist. The dynamical 
Wj and thermodynamical foundations in the earliest chapters are 
i ; yy Sir Harold Spencer Jones, Sir Harold Jeffreys and Sir 
¥;=dward Bullard, whose status as heads of Greenwich 
}! Observatory, Cambridge theory, and the National Physical 
| Laboratory is significant for our remark on the combination 
4} of exact physics and astronomy as the basis of geophysics. 
| The next three chapters discuss the intrusion of physics 
Hinto topics more commonly geological or geographical, 
Jie.g. fracture mechanisms in mountain building and the 
thermal and hydrodynamical assessment of ocean currents, 
S\and the chemical differentiation of the crust. An exact basis 
Hof the vast range of sciences underlying physical geography is 
§\ attempted. 
_ The remaining larger half of the book concerns the terrestial 
; atmosphere. Chapter 7 on the lower atmosphere constitutes 
Sian excellent though extremely compressed thermodynamic 
ibasis of meteorology, with a too-brief section on the older 
Witopics of atmospheric electricity and of precipitation. 
| Chapter 8, on the biochemistry of the atmosphere, e.g. carbon 
Wi dioxide and oxides of nitrogen permitting life, develops a 
4; more novel topic at greater length, and must be the physicist’s 
I\answer to popular speculation about “life on other planets.” 
#\ After a general Chapter 9 on atmospheric absorption spectra, 
§\ and a brief Chapter 10 on rocket research, there is a thorough 
treatment (Chapter 11) of emission spectra and the aurorae, 
Tt including the recent discoveries on hydrogen lines which 
\contribute so much to our understanding of the solar stream 
Hito the earth. Chapter 12 on the photoelectric and electro- 
| magnetic problems of the upper atmosphere is by D. R. 
iBates, whose own researches on these topics place him 
| among the great British masters who wrote the earlier chapters 
lof the book. It is very welcome to find that Nicolet of 
|Belgium, whose investigations have played a great part 
irecently, is the author of Chapter 13 on the dynamics of the 
i high atmosphere under solar radiation. Chapter 15 finally 
\returns to the purely astronomical with the Director of the 
Paris Observatory writing on the earth’s appearance if seen 
|as a planet; a bridge to this is the Chapter 14 on high-altitude 
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New books 


rocket photography of the earth, with some striking prints. 
Radio techniques in ionospheric study are not discussed in 
the book as much as might be expected, but perhaps they were 
judged too specialized for a volume that already has 750 
pages. 

No graduate in any employment as physicist could fail to 
find this book capable of broadening his interests, and we 
would stress its general educational value as much as its 
Status as a research tool to the specialist. 

MARTIN JOHNSON 


Analytical chemistry—the working tools (Vols. 1 and 2). 
Edited by C. R. N. Srrouts, J. H. GILFitLaANn and 
H. N. Witson. (London: Oxford University Press, 
1955.) Pp. xxi + 1067. Price 105s. (two volumes). 


This major work describes in considerable detail the various 
general techniques and procedures—regarded as the “working — 
tools” of the analyst—employed in the analytical laboratories 
of Imperial Chemical Industries Ltd. Soon after the forma- 
tion of the company an analytical chemists’ committee was 
set up with the object of standardizing analytical methods 
throughout the organization. This book represents the 
results of their efforts and, in accordance with the publication 
policy of the company, has now been made generally available 
to all engaged in chemical analysis. 

The opening chapter deals with accuracy in analysis; this 
is followed by chapters on manipulation, sampling, weighing, | 
volumetric apparatus, temperature and pressure measure- 
ment, density and specific gravity, crystallizing point and 
melting point, and distillation. Here is to be found a great 
deal of information of lasting value for reference purposes, 
whether it be the proper use of a Fortin barometer or the 
improper use of a platinum dish. Most workers in most 
laboratories could hardly fail to profit by acquaintance with 
these first nine chapters. 

The next six chapters, which complete the first volume, are 
more specifically of analytical interest, these deal respectively 
with reagents and indicators, pH determination, standardiza- 
tion of volumetric solutions, ultimate organic analysis, 
organic microanalysis and gas analysis. The last three 
chapters of this group.include a collection of “‘standard 
methods of analysis.” 

The second volume deals with modern instrumental methods 
of analysis. Much of this is familiar material and differs but 
little from the corresponding sections in other recent books 
on “physical methods’; it is difficult, for example, to find 
much that is new in the essays on X-ray diffraction and on 
emission spectrography. Other chapters, however, contain — 
much useful reference data such as the valuable lists of 
absorption bands and of solvent characteristics in the chapter 
on infra-red spectrophotometry, which also contains practical 
directions for polishing rock-salt plates. 

Judging by the omission of some recent developments, 
such as counter methods of X-ray diffraction and vapour 
phase chromatography, and the absence of very recent 
references in the various bibliographical lists, there appears 
to have been some delay between preparation and publica- 
tion. Fairly rapid dating is bound to occur, however, in a 
rapidly developing subject and it is to be hoped that con- 
sideration will be given to the publication of a supplementary 
volume in due course. 

This book should be well received by all interested in the 
practice of chemical analysis. Its publication calls for 
congratulations to the Editors and to Imperial Chemical 
Industries Ltd. B. S. Cooper 
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Elections to The Institute of Physics 


The following elections have been made by the Board of 
The Institute of Physics: 

Fellows: R. N. Aldrich-Smith, V. Barocas, W. T. Cowhig, 
B. Dayal, A. Edwards, W. P. Fletcher, R. W. G. Haslett, 
J. L. Howarth, P. G. Klemens, H. Kronberger, L. N. D. 
Lucas, B. Meltzer, W. M. M. Muller, J. B. Nelson, J. Nor- 
bury, J. F. Richardson, R. W. Stanford, V. H. Taylor, 
G. A. Whitfield. 

Associates: G. A. Aldous, D. R. Ashworth, J. Bateman, 
A. E. Beck, S. Bingham, E. W. Billington, B. J. Brown, 
J. S. Buchanan, T. G. Bullen, E. H. Carmen, J. A. Chapman, 
S. M. Clark, A. Cook, N. D. Cowell, R. Crosland, T. H. Dennis, 
F. Domanic, R. D. Fortune, L. K. Ecclestone, D. A. Gill, 
L. R. Gray, J. L. Grimsdell, A. H. Harris, R. D. Harrison, 
K. Hickson, D. W. Hill, J. W. Holmes, E. S. Hotston, R. E. 
Jahn, B. D. James, A. H. Jiggins, A. K. Jonscher, J. W. 
Kennedy, C. G. Kennell, D. G. Lampard, J. S. L. Leach, 
J. A. Lucken, F. B. Malkin, N. Marshall, J. McCulloch, 
K. B. Mather, J. R. Marsden, J. I. Mitchell, K. P. Nicholson, 
P. A. O’Brien, N. S. Parker, R. B. Pepper, C. D. Pomeroy, 
P. Popper, T. R. Prentice, B. Pickup, R. E. Price, B. W. 
Purslow, D. R. Quested, R. C. Reid-Jones, C. B. Richards, 
A. S. Roberts, S. Scregg, D. J. Smith, R. J. S. Sherwin, 
D. B. Shina, G. W. Smith, R. Steadman, D. W. Stops, 
T. Studley, A. G. Thomas, B. S. Thorton, G. L’E. Turner, 
P. B. Wallis, W. W. Williams, G. B. Woffinden, S. J. B. A. 
Wyard, D. J. C. Yates. 

Seventy-seven Graduates, twenty-one Students and eleven 
Subscribers were also elected. 


Conference on plant and process dynamic characteristics 


The Society of Instrument Technology has arranged a 
conference on plant and process dynamic characteristics 
with particular reference to the information required in the 
design of automatic control systems. The conference will be 
held in the Engineering Laboratory, Cambridge, from 
4 to 6 April, 1956. Its main object is to provide an oppor- 
tunity for process control specialists and those who have 
had considerable experience of the practical problems of 
the determination of plant and process characteristics to 
meet and discuss their work. Each session of the meeting 
will be opened by the presentation of a short paper by a 
speaker invited by the Organizing Committee, but others 
who have material to contribute in the form of short papers 
or reports relevant to the theme of the conference are invited 
to communicate as soon as possible with the Conference 
Secretary. Proceedings will not be published in full, but the 
contributions are expected to form the bases of papers 
suitable for publication in the transactions of the society, or 
elsewhere. Further details may be obtained from The 


i ij 


Society of Instrument Technology 1956 Conference Secretary, | 
Engineering Laboratory, Trumpington Street, Cambridge. — | 
The British Standards Institution has issued a revision of 

the glossary of acoustical, terms which was first issued in 
1936. There are many changes in the contents and arrange- 
ment of the new edition, and about eighty new terms have jy 
been added (an increase of about 40%). The section on jf 
recording and reproduction has been enlarged and new | I 
sections on ultrasonics and underwater sound have been ff 
included. ae 
The first edition contained a number of musical terms 
which have now been deleted. The following headings are jf 
those used in the new edition: fundamentals; propagation; 
hearing; transmission systems; ultrasonics; underwater 4 } 
sound; instruments; recording and reproduction; music; § 
architectural acoustics. of 
Copies of the standard, price 6s., may be obtained from | 


the British Standards Institution, Sales Branch, 2 Park Street, 4 
London, W.1. “- 


Glossary of acoustical terms 


a 
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Contents of the November issue 


SPECIAL ARTICLE 
Electronic computing machines and their uses. By J. H. Wilkinson. 
ORIGINAL CONTRIBUTIONS 


Papers : 
A piainaa resistance thermometer for use at low temperatures. By C. 
arber. 
An integrating photometer employing scalloped gratings. By L. R. Baker. 
Integrating meters for comparing light intensities in plant growth studies. 
A. H. Allan and K. J. McCree. 
A capacitance-resistance hygrometer. 


ood. q 
The behaviour of humidity-sensitive capacitors at room temperatures. By C.R. ff 
Underwood and R. C. Houslip. ; a 
A d.c. and a.c. balance detector with automatic protection from overload. By — 
C. Morton. zt 
Design for a sensitive self-recording gold-leaf electroscope. By P. Goodman. ag | 
Experiments on the dependence of sensitivity on velocity profile in electromagnetic 
flowmeters. By J. A. Shercliff. A 
A simple electronic Fourier synthesizer. By H. B. Mohanti and A. D. Booth. 


Laboratory and workshop notes 
A permanent vacuum seal. By E. Schwarz. 
A mechanical! seal for very high pressures. By D. Anson. 
Construction of a lead-screw without a master thread. By L. R. Baker. 
The temperature control of a fluid stream. By R. S. Barnes. 
Reduction of scatter in monochromators. By K. W. Keohane and W. K. 


Metcalf. 
A brush for cleaning decade switch contacts. A. Gridley and J. A. Hall. 


NOTES AND NEWS 


: _. Correspondence S 
On the preparation of precision resolving power test objects. From G. D. Dew. i 
A note on the transistor as a thermometer. From A. G. White. 
New books 
Manufacturers’ publications 

, 3 New instruments, materials and tools” 
Radio-frequency capacity bridge. Dynamic pickup. Galvanometer modulator, 
microvoltmeter and nanoammeter. Temperature controller. Low inertia 

integrating motors. Electric soldering iron. * 
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SPECIAL ARTICLE 
ee en a 


‘lees Industrial applications of ultrasonics* 


By E. G. RicHArDson, D.Sc., F.Inst.P., King’s College, University of Durham, Newcastie upon Tyne 


Techniques used recently in this field are described, in relation to echo-detecting, high-frequency 


a) agitation and metallurgical applications. The possibilities and limitations of ultrasonics for 
these purposes are discussed. 


| 
a) 


' 
‘ 


: }atbough ultrasonics has been greatly developed as a tool 
| eo research into the properties of fluids and solids in the 
}ipast twenty-five years, industrial applications have lagged 
fsomewhat behind those of the laboratory. It is true, of course, 
j Mthat a number of the more academic investigations using 
esonics and ultrasonics have their uses for the industrialist. 
‘This is particularly true of those in which knowledge of the 
ey and aitenuation of the various types of mechanical 
} waves in a specimen, e.g. a rod of metal or a high-polymer 
fibre, gives him information about the viscous and elastic 
}Sehaviour of such a material. The aerodynamicist also may, 


ii. 


i from similar information, choose a suitable vapour having a 

iow velocity of sound for use in a supersonic wind tunnel, 
wherein a high Mach number is desired for a given expendi- 

eture of power. These and allied problems are discussed 

im an article in Science Progress.” 

The principal reasons why a number of the applications 

predicted for ultrasonics in the early days of the development 


Ain the difficulty of building equipment of plant size and the 


It is easy to demonstrate the possibilities 
of ultrasonic treatment at litre size in the laboratory; another 
Imatter to devise apparatus which will deal with a matter of 


Hconsequent cost. 


fsallons per minute. We ought also to bear in mind that a 
J}number of these treatments are not specific as to frequency 
Hof the ultrasonic transducers and that in their adaptation to 
Withe needs of the manufacturer they have often been debased 
Fito loudspeakers or even to infrasonic vibrators worked by a 
cam on a gear shaft. However, in this article we shall try 
Vito restrict ourselves to applications which have reached the 
. lplant stage, being aided by reference to a recent symposium 
Yion the “Traitement des Ultrasons’”’ held at Marseilles (see 
WBibliography), and pointing out certain interesting physical 
motions which have had to be considered during the course 
Viof development. 
: ECHO-DETECTION 
9) It is well known that apparatus developed in the First 
World War, on the one hand by Langevin and Chilowsky in 
France using piezozlectric quartz oscillators, and on the 
io ther by British Admiralty scientists using magneto-strictive 
loscillators, serves to detect echoes from the hulls of ships 
tunder water or from the sea-bed, according to the direction 
tin which the energy is transmitted, and that later this principle 
iwas adapted to the atmosphere as “radar.” 
Ona smaller scale, a similar idea may be applied to establish 
he existence of suspected discontinuities in a metal structure 
the form of hidden cracks or faulty laminations. Such 
la system has been developed (by Kelvin and Hughes, Ltd) 
in which a short train of waves is sent out and its wave-form 


| 


* Based on a lecture given before the ‘London and Home 
Counties Branch of The Institute of Physics in London on 
24 March, 1955. 
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as received back is exhibited on a cathode-ray oscillograph. 
They employ quartz crystals of 1 to 2Mc/s frequency for 
sender and receiver, mounted in “shoes” of metal, one of 
which directs a beam at 45° to the upper surface of an ingot 
while the other picks up echoes returning from the lower 
surface as well as from a possible crack or bubble of occluded 
gas (see Fig. 1). Whereas large fissures may be more readily 
detected by X-rays, the ultrasonic exploration is better for 
detecting these tiny cracks, since it needs but the narrowest 
break in the continuity of the metal in the path of the beam 
to give rise to a secondary reflexion. 


Fig. 1. 


Flaw detection apparatus 


As the cathode-ray spot sweeps across the screen there is 
first given an indication of the sending of a pulse (by applying a 
fraction of the sending potential) then the returning echoes. 

At the present time, the apparatus is much used for 
examining laminated plates welded together. Whereas one 
example [Fig. 2(a)] shows by the clear echoes from the far 
side of the plate that good contact had been made at the 
laminated joint, another [Fig. 2(5)] shows by the irregular 
and small intermediate echoes, the absence of good contact. 

Some nice points present themselves in the successful use 
of this technique, some similar to those encountered in the 
reflexion or transmission of a light beam through a “speckled” 
medium, and others peculiar to the transmission of elastic 
waves through a solid. In the first of these it is a question 
of the most suitable frequency to be used. If the wavelength 
is too large, small discontinuities in the solid structure will 
merely scatter the radiation and not give a specular reflexion 
or obstruction of the beam; moreover, the beam will spread. 
This is a matter of “resolving power.” But there is also a 
question of attenuation. Make the frequency too high and a 
lot of the energy will be absorbed in the structure, limiting 
the distance of detection, even if the resolving power for 
near obstacles is enhanced. 

The second aspect is one of “mode conversion” and must 
be considered, especially when launching the waves at a 
near grazing angle in order to examine a weld in the join of 
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(r.) for incidence at a boundary with a fluid medium is given } 
by the formula well known in optics, namely sin r, si V>/ Vin ( 
where V, is the velocity in the solid and V; in the fluid, and 4 
as, moreover, V, is greater for longitudinal than for shear 
waves, the critical angle for the former is first reached and i 
there is then a region where only the shear wave passes from 2 


two narrow bars or to detect flaws in one of them, when it is 
impractical to irradiate along the axis [Fig. 3(a)]. When a 
longitudinal wave is incident in the solid on a boundary with 
a fluid, some of the vibration is transformed into shear, 
because, of the two force components X, and ¥, in the solid, 


(a) 


(0) 


Fig. 2. Screen display of bonding by echo detector, 
(a) good, (6) faulty 


only the former can be balanced by a force X> in the fluid, 
which cannot support a tangential force; Y, has therefore to 
be balanced by Y, in the solid [Fig. 3(b)]. The resulting shear 
wave moves with a slower velocity than the compressional 
wave and is partly re-transformed at the next reflexion, 
resulting in composite echoes when the final (longitudinal) 
wave is picked-up. To avoid this smudging of the signal the 
angle of launching must be nicely chosen to reduce this 
mode of transformation. 


| 

Pi ahaa 

eee 
(b) 


Fig. 3. (a) Near-axial propagation of pulse to detect 
flaw near surface; (5) transformation of longitudinal into 
shear waye at solid-liquid boundary 


Of course, by fashioning transducers out of quartz cut in 
such a way that they can only transmit and receive shear 
waves, a shallow flaw can be detected without this ambiguity; 
or we may use the Rayleigh waves (involving surface depres- 
sions and elevations) familiar in seismography to detect 
shallow faults. It is possible by attaching the quartz to a 
Perspex shoe of suitable angle [as Fig. 3(a@) indicates] to ensure 
that the longitudinal wave penetrating the metal block shall 
hit the far side at such an angle that most of the energy shall 
be transformed into a shear wave. Since the critical angle 
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the liquid film under the shoe into the ingot. 


One other factor in the passage through a boundary, | 
which scarcely applies in gptics, is the acoustic matching of fs 


the media on either side characterized by their respective 


values of the wave impedance (product of density p and C 
For normal incidence of compressional waves, #& 


velocity c). \ 
the boundary does not exist when pc is the same on each side. 
This point arises in flaw detection when fixed transducers, 


not in contact with the solid under test, are used, a necessary 
technique with bodies of odd shape and surface like rubber | 
The whole system is then immersed in water in a jf) 


tyres. 
tank while the test object is traversed by the fixed beam. 
There may, however, be considerable loss of efficiency at the: 
reflexion, since no liquid is known which has the same wave: 
impedance as rubber. 


ULTRASONIC AGITATION 


A number of industrial applications involve the use of 
ultrasonics as a tool for disrupting a material into smaller 


particles or bringing together particulate matter into aggre- @ 


gates. It should be emphasized that both these actions 
usually take place simultaneously, which accounts for the 


conflicting reports sometimes received, and further that there 7% 
will be heating effects to complicate the issue unless pre- @ 


cautions are taken to remove the heat as it is generated. As a. 
general principle, if one wants the material in a fine dispersion, 


one must dilute the suspension as quickly as it has been | a 


acted on. 


Another question, not yet completely answered, is; how a 
far are these actions specific to a particular frequency, or 
indeed to ultrasonics in general? The author is convinced 
that many, if not all of them, could equally well be carried © 


out by ordinary sound waves, if it were possible to con-- 


centrate the energy. Ultrasonic sources make up for what. ik 


they lack in amplitude by high frequency and the power | 


radiated is proportional to the square of the product of these ‘ 


two factors. 


The disruptive action on solid bodies is well shown in a # 
British application to displace or prevent oxide coatings # 
during casting or soldering and, in a very different industry, ¥ 
in an application for separating dirt from textiles in laundries, | 
A rather similar — 
application is being tried in the paper making industry, ie. @ 
to extract the dirt from paper pulp, prepared as a suspension { 


although, as yet, only on a limited scale. 


in water, before it is passed through the rollers. For trial 


experiments, carried out in the laboratory, it is useful to: 4 
concentrate the energy from a barium titanate transducer in | 
the form of a bowl immersed in a light oil at its centre of | 
curvature where the material to be treated can be placed ina | 


test-tube (Fig. 4). In this way fine-grained emulsions of oil 
in water can be produced in a short time. If the treatment is- 


successful the next step to a pilot plant is sometimes a difficult | 
one. The barium titanate is usually replaced by a battery of { 


magneto-strictive generators having as large a surface exposed 


to the liquid as possible and the latter made to flow over the 


agitators. 
As an example of the coagulating effects we may cite the: 


use of high frequencies to “lay” dust. Here there is a specific: \ 
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Industrial applications of ultrasonics 


| frequency effect, or rather a mobility of the particles in the 
sound waves dependent on Rayleigh’s parameter, 27a/A, 
where a is the radius of the particle and X the acoustic wave- 
length. In a poly-disperse system, such as an aerosol usually 
is, this difference in amplitude of movement results in col- 
lisions. The particles then stick and either fall under gravity 
or may be removed by ventilation. 


Fig. 4. Ceramic bowl transducer beneath oil, concen- 
trating energy at point on surface 


It is not necessary to use crystals as sources for much of 
_ this work. Thus in the application just mentioned a form of 
_ high-frequency siren may be used. Again in liquids, many 
| effects are associated with cavitation and this can be induced 
_ by driving a high-speed underwater jet against a sharp edge. 
| The effect to be desired, e.g. fine emulsification, is produced 
_ partly by cavitation at the edge and partly by the ultrasonic 
| radiation into the two-phase liquid system. 


METALLURGICAL USES 


| With agitation at frequencies bordering on the ultrasonic, 
| a beneficial reduction in grain size may be produced in a 
number of melts of conglomerates of metals to produce alloys 
| on solidification. In these effects it is intensity that matters, 
| frequency having a minor effect. Further, grain refinement 
' seems to occur in those alloys which are actually solid solu- 
| tions and the action may be a breaking-up of crystallites 
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already formed. This, of course, increases the tensile yield 
strength. 

For some years it has been known that it is possible to tin 
aluminium and its alloys by subjecting their surfaces to the 
action of intense ultrasonic vibration at the same time as 
molten solder is applied. It is now established that the 
process is one of removing the oxide skin by cavitation erosion. 

When, however, the experiment was repeated with an 
ambient pressure of four atmospheres tinning was completely 
prevented. Since the increased pressure can have had only a 
negligible effect on any factor other than cavitation, this 
seems convincing evidence of the essential part played by the 
latter. 

Aluminium is known to have a low resistance to cavitation 
erosion, even in water, so it is not surprising that collapsing 
voids in molten solder will be able to disrupt the surface, 
exposing the aluminium underneath for alloying with the 
metal which is impinging violently against it in the very action 
of cavitation. We can expect, moreover, that the usefulness 
of the ultrasonic techniques for tinning different ‘‘difficult”’ 
metals will be related to their susceptibility to cavitation 
erosion. 

Although ultrasonics is said to effect certain “‘rate pro- 
cesses” in metals it is unlikely that there will be any effect 
on processes which can be considered as “place exchanges,’? 
such as diffusion, ion mobility, viscosity and thermodiffusion. 
Ehringer could not find any evidence for an acceleration by 
ultrasonic treatment of the rate of diffusion in solid metals. 
He studied the following processes. (1) Carburization of 
steel by propane gas; (2) nitration of Armco iron and nitrided 
steel in an ammonia flow at 550° C; (3) diffusion of copper 
in gold at 455° C; and (4) diffusion of hydrogen into Armco 
iron. In no case did the observed effect exceed the limit of . 
error (10%). 


BIBLIOGRAPHY 


The number of references to this subject grows by leaps 
and bounds but in the half dozen papers listed below the 
reader will find general though more detailed accounts of a 
number of the applications mentioned in this article. He is 
also referred to the Proceedings of the Symposium: “Sur le 
traitement des ultrasons” held at Marseilles in May of this 
year and shortly to be published—probably in the journal 
Acustica. 
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Using a vertical coaxial cylinder method, the thermal conductivity of liquid and gaseous oxygen 
was measured at temperatures between 80 and 200° K at pressures between | and 130 atm. 
The results are compared with those of other authors. 


Although liquid oxygen is becoming increasingly important 
in the engineering and heavy chemical industries there have 
been few measurements of its thermal conductivity. The 
authors are aware of only two previous investigations and 
these cover only small ranges of temperature and pressure. 

Hammann) used a parallel plate method to determine the 
thermal conductivity of liquid oxygen at latm between 
66°K and 82°K. Prosad@ computed values of the thermal 
conductivity of liquid oxygen from heat transfer measure- 
‘ments on the condensing vapour at temperatures near 92°K 
at pressures between 1 and 1-7atm. 


CHOICE OF METHOD 


In order to minimize the effect of convection on thermal 
- conductivity measurements on fluids near the critical region, 
it is necessary that the fluid film through which the heat is 
transported should be as thin as possible. Thus the parallel 
plate method of Lees, or the coaxial cylinder method first 
described by Bridgeman is to be preferred to the Schleier- 
macher hot wire method. The authors used the vertical 
coaxial cylinder method as this apparatus is more suitable 
for use at high pressures. 

In this method heat is generated in the inner, emitting 
cylinder and conducted radially through the fluid-filled 
annulus to the concentric receiving cylinder. From the 
measured surface temperatures of both emitting and receiving 
cylinders, the amount of heat radially conducted through the 
~ annulus and the dimensions of the apparatus, the thermal 
conductivity can be evaluated from the following equation: 


Shoe Ou ir) a OA 
27L(T> rar T;) (T> ae T;) 


Where & (cal/cms °K) is the thermal conductivity; Q(cal/s) 
is the radial heat flow through the annulus under steady state 
conditions; r;,7.(cm) are the radii of the emitting and 
receiving cylinders respectively; 7,, T, (°K) are the tempera- 
tures of the emitting and receiving surfaces respectively, and 
L (cm) is the length of the emitting cylinder. 


EXPERIMENTAL 


Description of conductivity cell. The apparatus used in 
the present work was based on the design described by 
Sellschopp.© To permit measurements to be made at high 
pressures and low temperatures the conductivity cell was 
enclosed in a Monel autoclave. The general arrangement of 
the apparatus is shown in Fig. 1. 
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The central heat emitting cylinder (1), Fig. 1, made of § 
silver was 100:00mm long and had a mean diameter of | 
32-841 mm. Cylindrical heat guards of the same diameter, 
each 43mm long, were arranged at each end of the central | 
cylinder and these three cylinders were mounted coaxially 


nitrogen 


ae (ene A Vapour 
8 a 4 
NNR 6 
N 
‘ 
XI 
9 Ml V4 2 
i 
ABRs | 
ON) NJ te) 
VAY 
NS 
A} 
UNS 
ANA 2 
3 By 


SS 


Fig. 1. Cross-section of thermal conductivity apparatus 


on a 13mm outer diameter Monel tube (9). Each heat — 
guard was separated from the central cylinder by a 1mm 
thick mica washer (10). The outer heat receiving cylinder (2) 
had a mean internal diameter of 33-331 mm and was made of 
copper. 

The coaxial alinement of the cylinders was achieved by | 
six Pyrex glass pins held in place by grub screws (3). The 
length of the alining pins was such that correct alinement 
was maintained when the apparatus was cooled to 80°K. | 
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qifhe maximum deviation of the annulus width at any point 
from its mean value was estimated to be less than 0:6 Ya 
_ The effect of misalinemeént of the cylinders was calculated 
‘rom an equation given by Vargaftik.4 In the present 
#>xperiments the resultant error in the measured value of the 
it hermal conductivity due to misalinement was less than 0-5 Yess 
| Holes were drilled through the full length of the emitting 
and receiving cylinders and into these holes close-fitting, 
thin-walled, stainless steel thermocouple sheaths (8) were 
serted to protect the thermocouples from the effects of 
pressure. 
The emitting cylinder and the heat guards were heated 
i dependently by electric heaters consisting of uniform 
t indings of constantan on a Tufnol former inserted in the 
i 


Monel tube on which the cylinders were mounted. The 
eads to the central heater passed through helical grooves in 
he Tufnol former below the surface of the upper heat guard 
i inding so as to minimize heat conduction along them. 
}|Current for the heaters was drawn from a large Nife battery. 
| The conductivity cell was contained within a Monel auto- 
lave (6), and the apparatus was filled with the substance to 
foe examined by means of the gas inlet (4) in the autoclave 
“id. In order to reduce convection in the autoclave, and thus 
increase the thermal stability of the apparatus, the annulus 
Fa ien the autoclave wall and the conductivity cell was 
#made as small as possible. Further, the spaces above and 
Selow the conductivity cell were filled with pieces of Teflon 
cut to the appropriate shapes. 
Description of thermostat. The autoclave was placed in a 
t ightly-fitted cast aluminium cylinder (7), which contained a 
Keo stainless steel coil. The space between the top of the 
autoclave (6) and the top of the cast aluminium cylinder (7) 
twas filled with Wood’s metal so that the autoclave was 
contained within an almost isothermal metal block. This 
#4elped to minimize axial temperature gradients in the con- 
Fductivity cell and in the thermocouple wires and sheaths. 
\ he whole assembly was suspended on three chains and 
urrounded by a metal Dewar vessel.©) To keep the tem- 
iperature constant a controlled flow of liquid nitrogen was 
passed through the coil in the metal block. 
| Temperature measurement. All temperatures were 
easured with copper-constantan thermocouples and an 
lice bath was used to provide the reference temperature. The 
lelectromotive forces generated by the thermocouples were 
reasured with a Diesselhorst pattern potentiometer (by 
‘H. Tinsley and Co. Ltd.) having a least count of 0-1 pV. 
A ny thermoelectric electromotive forces arising within the 
1 easuring circuit were eliminated by means of a Tinsley 
thermoelectric free reversing switch. 
The thermocouples were of double-cotton covered 32s.w.g. 
ire. The junctions were silver soldered and then electrically 
insulated from the conductivity cell by a thin coating of 
\Araldite type 1 resin. The thickness of this insulation was 
\kept as small as possible so as to reduce its thermal resistance. 
‘The thermocouples were supported in thin-walled stainless 
steel tubes. 
The two thermocouples used for measuring the temperature 
ldifference across the annulus were located in the middle of 
| he emitting and receiving cylinders respectively. For the 
Hicontrol of the axial temperature distribution a thermocouple 
ivas placed in each heat guard section of the emitting cylinder 
lassembly, about 3mm from the separating mica washer. 
| The thermocouples were supported in their correct posi- 
ions by glass rods cut to the appropriate lengths and 
inserted in the thermocouple sheaths. A layer of graphite a 
ew millimetres thick was packed on to the top of each glass 
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rod to ensure good thermal contact between the thermo- 
Junction and the walls of the thermocouple sheaths (8). The 
thermocouples were kept pressed down on to the graphite 
by springs. 

To discover whether heat conduction along the thermo- 
couple wires and stems had any effect on the measured tem- 
peratures, the top guard ring thermocouple, i.e. the shortest 
one and thus the one most likely to be affected, was wound 
with an electric heating element at the point where the 
thermocouple stem emerged from the metal thermostat and 
where it was normally subjected to ambient air temperature 
and draughts. When the thermostat was operated at 80° K, 
heating the thermocouple stem to approximately 430° K 
had no significant effect on the temperature measured by the 
thermocouple. It was thus concluded that changes in ambient 
conditions had no measurable effect on the temperatures 
indicated by the thermocouples. 

In order to calibrate the four thermocouples used, one was 
chosen as a “‘standard”’ and was calibrated in the temperature 
range 80 to 200° K against an N.P.L. calibrated platinum 
resistance thermometer. Because of inhomogeneities in the 
constantan wire this calibration may have been in error by 
as much as 0:2° K at temperatures near 80° K and by less 
at higher temperatures. To eliminate the effect of wire 
inhomogeneity on the accuracy of the measurement of the 
temperature difference across the annulus containing the 
liquid oxygen, all the thermocouples were placed in their 
correct positions in the thermal conductivity apparatus 
(Fig. 2) and the liquid nitrogen flow in the cooling coils was 


S 
\ 


i tect 


Figs 2: 


(1, 2), guard ring thermocouples; (3, 4), thermocouples for 
measuring temperature difference across annulus. 


Position of thermocouples in conductivity cell 


controlled so that each thermocouple gave constant readings. 
The electromotive force of the “‘standard’’ thermocouple was 
then compared with the electromotive forces of the other 
three thermocouples. This was repeated at several tempera- 
tures in the range 80 to 200° K and deviation curves were 
drawn for the three “‘non-standard”’ thermocouples. Thus 
inhomogeneity of the constantan wire, although causing a 
small error in the determination of the absolute temperature, 
had no effect on the measurement of the temperature difference 
used in the evaluation of the thermal conductivity. 
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Measurement of heat dissipation. The heat dissipated in 
the emitting cylinder was evaluated from measurements of 
the current flowing through the central heater and the 
potential difference across it. These measurements were 
made with a Diesselhorst pattern potentiometer by means of 
a shunt and potential divider. 

Determination of the geometric constant of the conductivity 
cell. The geometric constant of the cell, i.e. the constant A 
in the equation, was evaluated from the dimensions of the 
cell at 20°C. The value of the cell constant at other tem- 
peratures was computed from the known coefficients of 
expansion of copper and silver. The value of the cell constant 
thus determined was considered to be in error by less than 
Osy/a 

Corrections to measured heat dissipation. In view of the 
low temperature level of the experiments, the low emissivity 
of the heat exchanging surfaces and the small temperature 
difference between them, heat transfer by radiation was 
insignificant. Even if both surfaces had acted as black bodies 
the correction for radiation would have been less than 0-1%. 
For this reason no corrections were made for radiational heat 
exchange. 

The junctions of the thermocouples were located a few 
millimetres inside the heat emitting and receiving cylinders 
and thus indicated a temperature difference higher than the 
one across the liquid-filled annulus. Because of the small 
distance, and the very large difference between the conduc- 
tivities of the fluids under investigation and the metal of the 


Table 1. 
Temperature Pressure k x 10+ Mean AT Number of 
(CK) (atm) (callcm °K s) CK) determinations 
1Soe 49-5 sye8)3) 1-030 4 
(Qe Sye5) 3-90 1-214 3 
WSF 15-4 3-89 1-199 5 
79°8 Peso W 3-96 eii@es 3 
79°8 29-9 3:96 1-247 4 
79°8 TOeS 4-06 NGS 2, 
80-7 49-2 B97] 1-967 3 
80:8 124-2 4-07 1-664 4 
81-0 48-3 4-01 1-684 4 
82-9 Aor) 3-98 1-718 4 
83-6 49-3 3-86 3-898 4 
92-3 29-7 3-61 1-866 3 
93.5 Bia) 3-50 1-940 3 
94-1 SiS) 3-49 1-922 4 
101-7 124-2 3250 1-911 5) 
102-3 94-5 3-42 1-420 5 
102-4 15-4 ou We NBMI 5 
102-7 585 335 74I\ 2-124 4 
103-1 Og 3-36 1-450 6 
104-0 AIF Salo 2-175 4 
104-8 48-3 3-24 2-030 4 
109-2 46-7 3-10 1-524 4 
118-0 15-4 2:66 2-450 4 
118-2 31-8 2:69 2:432 5) 
124-0 49-5 2-56 0-724 5 
124-4 124-2 2°83 0-638 > 
134-3 49-3 Lap) 0-388 6 
136-2 94-5 De sy {hOF338} 4 
141-1 B23, 1-872 697, 4 
144-9 49-7 1-805 0-680 4 
147-1 49-9 1-810 0-472 4 
148-6 94-5 3923 0-975 4 
148-8 70-5 1-798 1-037 5 


BRITISH JOURNAL OF APPLIED PHYSICS 


Thermal conductivity of oxygen 


418 


conductivity cell, corrections for this effect proved to be} 
considerably less than experimental error and were thus } 
neglected. eed 
A further possibility of error arose from heat conduction {j 
along the 22s.w.g. copper leads which conducted current to }) 
the main heater and from the Joule heat generated in them. jf 
Under the conditions of the experiments the Joule heat 
accounted for less than 0-1% of the total energy dissipation 9) 
and so no correction was made for this term. It is con- ft 
sidered unlikely that heat conduction along the leads was of }, 
significance since they were embedded in helical grooves cut ff 
in the surface beneath the upper heat guard windings. A 
total length of about 5 cm of each lead was thus exposed to a ff 
temperature very close to that of the main heater. Any § 
temperature gradient in the copper leads must thus have been #& 
outside the conductivity cell and could have had no appre- | 
ciable effect on the heat dissipated from the emitting cylinder. § 
Thermal conduction along the Tufnol former was negligible. | | 
The only correction that had to be made to the measured 9 
values of the radial heat dissipation was for the effect of 
axial heat flow between the central emitting cylinder and the 
guard rings. 
The thermal conductance between the emitting cylinder = 
and the guard rings in the temperature range of these experi- © 
ments was evaluated from conductances of the materials 
between them, i.e. the Monel heater sheath (9), Fig. 1, the @ 
stainless steel thermocouple sheaths (8) and the mica washers {8 
(10). 


k x 104 Number of 


Pressure Mean AT 
CK 


DESH te Ss (atm) (cal/cm °K s) ) determinations 
149-3 124-2 2-108 0-824 6 
151-0 Si). 2 1-635 0-510 5 
153-8 37-8 0-545 3-035 3 
158-0 124-2 1-798 0-933 5 
158-7 87-4 1-574 1-566 3 
158-9 48-7 0-702 1-930 3 
15993 70:5 1-432 1-208 4 
159.29 48-7 0-657 2-059 1 
164-6 56°9 0-720 1-437 4 
165-1 61-4 0-820 1-328 3 
Lode 124-2 1532 1-120 3 
168-5 61:4 O19 2-180 4 
169-5 6529 0-800 2-047 4 
169-9 24-9 0-446 3-724 4 
170-1 61-4 0-698 2299 4 
170-2 (le) 0-393 4-239 5 
7es Sy It 0-574 Leo 2 
173-1 oy 0-576 1-807 3 
1733 70:5 0-837 3-642 3 
Bi 124-2 1-413 1229 4 
50 48-9 0-540 2-398 2 
194-8 114-0 0-926 4-755 4 
196-1 (be 0-442 6-194 5 
196-9 135-8 1-058 1-567 3 
197-0 122-8 0-969 1-702 3 
197-3 47-2 0:547 8-075 3 
197-4 94-5 0-771 2133 3 
1977-9 70°53 0-635 DSW 4 
198-4 47-2 OWS52 3-055 4 
199-0 1 0-450 Biel 3 
199% 70:5 0-628 4-707 4 
199-8 2358 0-488 3-466 4 
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The temperature differences between the guard rings and 
_ the centre of the emitting cylinder were kept small by appro- 
| priate adjustments of the guard ring heaters so that the 
_ axial flow was always less than 5°% of the radial heat flow. 
_ Thus small errors in correcting for the axial heat flow were 
not important. 

| Purity of oxygen. The oxygen used in this investigation 
_ was obtained from commercial cylinders supplied by the 
| British Oxygen Co. Ltd. A few samples were analysed by 
| absorption of the oxygen in ammoniacal cuprous chloride 
| solution and were found to contain 99-8 °% oxygen. 


RESULTS 


The experimental results are presented in Table 1. Each 
value of thermal conductivity given in the table is the mean 
of several determinations at the same temperature and 


extrapolation the accuracy is probably adequate for engineer- 
ing design calculations. All the experiments reported here 
were carried out between April and July 1954. 


DISCUSSION 


The occurrence of convection in the fluid-filled annulus 
would increase the total thermal conductance of the fluid 
and would thus lead to the measured values of the thermal 
conductivity being too high. Rayleigh®) showed that for 
horizontal parallel plates heated from below there is a 
critical value of the product of Grashof and Prandtl numbers 
above which convection begins. 

Kraussold® has shown that for the case of horizontal 
coaxial cylinders Rayleigh’s criterion has a value of approxi- 
mately 1000. For a vertical annulus the value is probably 
higher. 

For most of the present experiments the product of Grashof 


minations did not differ from the mean value by more than 
1°%. The experimental results were interpolated and where 
| shown by a dashed line, also extrapolated to produce the 
phase diagram shown in Fig. 3. The | atm isobar for the 
gas phase between 90° K and the critical temperature was 
constructed by use of the data of Eucken®) and of Johnston 

and Grilly.© The saturation line in this region was con- 
structed using the vapour pressure data of Hoge. The 
values of the critical pressure, 50-14 atm, and of the ee 
| temperature, 154-78° K, were also taken from Hoge’s paper.‘ ) 
Even in those parts of the diagram involving considerable 
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j| pressure. In most of the experiments the individual deter- and Prandtl numbers did not exceed 1000 so that in these 
5 = Os 7] 
x temperature (°K) 
z iSO 
Pressure (atm) cl : 
+ @ 
140 6 20 
120 5 160 
exe) = 
SoS 4 O 70 
=~ 4 60 S—TE- SeahS 
a“ 1077S SS 2 i8O 
4 NSSsss 3 200 
Es TET tS, | | rs 
g S 2 | 
+ — oS 
Z Sy SS E 
2, SS. £05 
» pressure (atm) oN SS 25 50 75 exe) 125 ISO 
> ES INS Pressure (atm) 
2 130 SK 
g | 90 LL IN SSS 
2 UC KS 
E im INNS S 
E 2 | SSG SS | 
oO 
= 
& Eucken (4) atm cali 
© Johnston and Grilly'®) latm 
oO This research |7 and latm 
a if 205 
Io ye ee 
| atm SS os 
6 70 80 90 exe) ie) 120 130 140 ISO. 7 160 170 180 90 200 
Temperature (°K) 
Fig. 3. Thermal conductivity of oxygen as a function of temperature and pressure 


experiments the measured values of thermal conductivity 
were not affected by convection. In the temperature range 
145 to 170° K, i.e. in the critical region, it was not possible 
to evaluate the product Gr x Pr as sufficiently reliable data 
for the heat capacity, density, expansion coefficient, and 
viscosity of oxygen were not available. In Fig. 3 this region 
is shown by cross-hatching. However, the experimental 
results obtained in this region seem to be consistent both 
among themselves and with those obtained at other tem- 
peratures and pressures, and it appears unlikely that even in 
this region they are much in error. 
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In Table 2 the data of other authors on the thermal con- 
ductivity of oxygen are compared with those observed in this 
investigation. 

Hammann’s) value of the thermal conductivity of oxygen 
at 80°K is 30% higher than that found in this research. 
The positive temperature coefficient which he reported is 
contrary to the trend of the data available for liquids. Further, 


oxygen and nitrogen, the authors consider that these dat 


are free from serious error. 3 
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his value for the thermal conductivity of liquid nitrogen at mission of the Controller, H.M. Stationery Office. . ; 
, ° 
Table 2. Comparison of present data for oxygen with those of other observers 4 
Thermal conductivity x 104 caljcm “Ks 4 
4 
ssure Johnst r. 
ae aw Borovik) Hammann? Prosad™ Eucken and Grilly® This research : q 
oN 
(smoothed values) “a 
80-0 1 5-12 3-95 a 
92-3 ~2 5-0 ZS) | a 
(experimental values) 
170-2 1 0-385 0-373 0-393 (1-7 atm) 
196-1 1 0-440 0-427 0-443 (1:7 atm) 
199-0 1 0-448 0-435 0-450 (1 atm) 
(smoothed values) 
156-2 10 0-38 0-37 
20 0-41 0-43 
30 0-45 0-47 
40 0-50 0-53 
70 1-39 1-55 
80 1-43 1-62 ae 
90 1-48 1-68 4 
Table 3. Comparison of present data for nitrogen with those of other observers i, 


4 

Thermal conductivity X 10+ caljem °K s * 

Powers, Johnston Borovik, Matveev % 

Temperature (°K) Hammann™® UhlirO) and Mattox“) and Panina™” This research 4 

= 

80-0 4-86 3-20 3329 3-50 3-28 SS 

(1 atm) (33-5 atm) (i atm) (1 atm) (33-5 atm) re 

BS! 

3, 

1 atm at 80° K was about 50% higher than those given by REFERENCES % 


Borovik, Matveev and Panina,@® Uhlir¢) and by Powers, 
Johnston and Mattox.@2) For comparison, the present 
authors also measured the thermal conductivity of nitrogen 
at 80° K and obtained a result which was in good agreement 
with those of references (10), (11) and (12). All these nitrogen 
data are compared in Table 3. 

Prosad’s@) mean value of the thermal conductivity of 
liquid oxygen at 92-3° K is about 40% higher than the value 
reported here. However, as his method was somewhat 
indirect, little importance can be attached to this discrepancy. 

The present results are in good agreement with the | atm 
gas phase data of Eucken©) and of Johnston and Grilly. 

Borovik’s“3) data for oxygen at 156-2°K at pressures 
between 70 and 90 atm are about 10% lower than those 
reported here. It should be noted that Borovik’s“?) data 
for nitrogen at twice the critical pressure and near the 
critical temperature are also about 10% lower than those 
of Uhlir.C 

Since the present data for oxygen are self-consistent Over a 
wide range of temperature and pressure and show the 
expected trends.in the critical region, and since good agree- 
ment with the values of other observers was obtained for both 
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Propagation of transient fields from dipoles near the ground 
By H. Poritsky, Ph.D., General Electric Co. Research Laboratory, Schenectady, New York, U.S.A. 


[Paper first received 27 February, and in final form 1 June, 1955] 


The propagation in air and underground of an electromagnetic wave originated by a current 
pulse in a small antenna located at or near the surface of the ground is studied. The treatment is 
based upon the resolution of a spherical wave into proper plane waves, this resolution being 
analogous to one used by Weyl®) for the steady-state case. 

A double-integral representation is obtained for (the Hertz potential of) the field. For a 
vertical dipole on the ground, one of the integrations is carried out above ground and in a certain 
conical range underground, while the second integration is carried out for special directions and 


locations. 


1. INTRODUCTION 


The propagation in two media of a transient pulse from a 
point source has many interesting applications; e.g., to 
acoustic waves started with an electric spark near water level, 
to radar-pulse propagation near the ground, to X-ray genera- 
tion from an electron striking a dielectric, and so forth. In 
the following, we study this transient field in its electro- 
magnetic aspect, as the wave due to a current pulse in a dipole 


__ or short antenna on or near the ground, assumed flat. 


The steady-state field of vertical and horizontal dipoles on 
or near a flat ground has been formulated as an integral by 
Sommerfeld and computed by Sommerfeld and others.“ 

The propagation of transient fields due to transient dipole 
currents may be treated by means of Fourier integral super- 
position (in frequency) of the Sommerfeld solution. This 
was tried but proved rather intractable. The following treat- 
ment is based on the representation of a spherical wave as a 
sum of plane waves, given by Weyl™ for simple-harmonic 
waves, and extended by the author®) to waves of arbitrary 
shape as follows: 


F(ct— RR =A — (1/2m) f Fi[et — (ax + By + yz) |dew,} 
me Onw(h) 


Here the left-hand member represents a spherical wave, of 
“wave shape” F, diverging in free space from the origin 
R=0, where R = (x?+ y2+22)!/?, The function F,(¢) 
is analytic in the upper half-plane 7 > 0 of its complex 
argument, ¢ = € + in, and is related to F as follows: 


F() = 2[FA)] (2) 


while F/(¢) = dF,/d¢, and yields the “wave shape” of the 
component plane-wave element. The latter propagates in 
the direction of its normal, specified by the direction cosines 
a, B, y and has the ‘‘amplitude’”” — (1/27)dw, where dw is 
the element of solid angle on the unit sphere &: 


Dit PB? - y? = 1 (3) 


at the point («, 6, y) on x. The region of integration in 
equation (1) does not extend over the real sphere &, but over 
the complex portion given by the limits 


¢ from 0 to 27, 
@ from 0 to +i, AO) >0 (4) 


where 0, ¢ are spherical polar co-ordinates on = with the 
positive z-axis as polar axis, so that 
a =cos¢sin#, B =sin¢ sin), y = cos 8, 
dw = sin @ d0, dp = — dydd (5) 
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The limits (4) are especially suitable for the case where F(¢) 
is the Heaviside unit function: 


e Hi 1 for +> 0, 5 
ESTE a= 

© © 0 fort <0 (6) 
which corresponds to the Hertz potential due to a current 
pulse in a dipole. For this case [see Section 3] 


F,(0) = illog ©)/7, Fi(Q) = ine (7) 


The introduction of complex portions of & and of complex 
wave shapes and amplitudes allows one the freedom of dis- 
torting the paths of integration. This will be found useful 
in the evaluation of the double-integral field representation 
in the following. 


2. INTRODUCTION OF THE HERTZ POTENTIALS 


Following Sommerfeld (Ref. (4), p. 798), we shall express 
the field in a non-conducting medium of constant €, uw 
(« = 4 =1 for free space) in terms of the Hertz vector 
potential IT, thus 


H=V x (IPd/c (8) 
2 
pt TE eee (9) 
c2 Ot2 


In regions free from antenna currents II satisfies the wave 
equation 


(10) 


The field of a dipole in free space, of moment M(t) = © 
f i(@ dt is given by 
TI = uM(t — R/c)/R (11) 


where uw is the unit vector along the dipole axis (assumed 
constant) and R the distance from the dipole. In particular, 
for a unit current pulse i(t) = (4), 


M(t) = H(t) (12) 


and equations (8), (9) and (11) yield a vanishing field outside 
the sphere 
(13) 


the radius of which is expanding with velocity of light, and 

the electrostatic field of the dipole inside this expanding sphere. 

If d(2) is replaced by a continuous current over a small time 
fs 


interval e, such that | i(t)dt = 1, then over the shell ct — € 


eer 


0 
< R < ct equations (8) and (9) also yield a large magnetic 
ampere-law field, and a radiating electric field. 
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3. FIELD FORMULATION FOR VERTICAL DIPOLE 


For a field of a vertical dipole near the surface z = 0 of a 
flat earth z < 0, the Hertz potential IT points in the direction 
of the z-axis; hence IT, may be denoted by II. Continuity of 
tangential H and E leads to the boundary conditions [see 
Ref. (4), p. 920, equation (3)] at z = 0: 


ell is continuous, dI1/dz is continuous (14) 
Fig. 1. Incident, reflected, and refracted rays 
Place a vertical dipole of moment 
M(t) = F(ct) (15) 
at Pos (% — 0, y = 0, z= d>0) Gee Fig. 1). Recalling 


equations (1) and (11), we represent II of the dipole field in 
absence of the ground by: 


i Ric). Ect R) 


R R 
1 
— 5 A( | Fiker — [ox + By + y(d —2)]}de), 
Oe =a, 
vas 1 (16) 
— =A [Fifer —[ox + By + y(z— d)]}de). 
ae 


Corresponding to the plane wave, incident on the ground, 


Fi{ct — [ax + By + yd—a]}, 0<z<d (17) 


of the first integrand in equation (16), we form a reflected 
plane wave 


LF {ct [ax + By 4 


and a refracted plane wave 


fF { [et — n(a’x + By 


yd+z}}, z>0 (18) 


y'z) — yd] 


= f’F, [ct — (ax + By) + ny’z — yd], z<0 (19) 
Here n, the index of refraction, is defined by 
ire Ce)? e\(e)t/2 (20) 
while 
« =cos¢sin@’, B’ = sin¢dsin#’, — y’ =—cos& (21) 


are the direction cosines of the refracted ray; @, 0’ the angles 
of incidence and refraction: 


sin 6’ = sin 0/n 
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t A tee te | 
and f,, f’ are the ‘‘coefficients of reflexion and refraction,” to — 


be determined. It will be noted that 
yr sin? 6/)1/2 = (n? — 1 + y)'2/n 


Applying equation (14) at z = 0 to equation (19) and the 
sum of equations (17) and (18), one obtains for tf’ values 
independent of F, and depending on y only: 


TY Yay ee Uae 
ny yf ony ia/ (ERE ye DY) 
2 i 2y 
ne OY), ey Ne eae) 


Superposing the above plane-wave solutions by integra- 
tion as in equation (16) for the incident plane wave, com- 
bining the reflected field with the last term of equation (16), 
and allowing d to approach zero, so that Py approaches the 
origin O, one obtains for the net field in air and underground, 


I = — 2/2n) A J fFi[ct — (ax + By + yz)|dw}, z > 0 (26) 
I =— (1/2my BE f f’F; [et— (ax +By—ny’z)|dw}, z<0 (27) 


where 


f= eee Poe 2 Me 2y 
WP on GY Ii) Py a) Ne 


(23) 


i (24) 


Vine (25) 


(28) 


¥-plane ¢-plane 


r=cos 9 


a 


(a) (5) (c) 
Fig. 2. Paths in the 6-, -, y’-planes 
If @ is chosen as in equation (4) and Fig. 2(a), the paths of 
y and y’ are as shown by the solid lines of Figs. 2(b) and (co). 


This determines the branch of y’ in the double-valued radical 
in equation (23) to be used. 


4. FIELD EVALUATION IN AIR 


The evaluation of the integral in equation (26) at a field point 


P(x, y, Z), z > 9, is facilitated by introducing spherical co- | 


ordinates R, 7, ys with polar axis 7 = 0 through P (see Fig. 3). 
(Due to symmetry of II about the z-axis, it suffices to consider 
Po in the plane x = 0, as shown in Fig. 3.) Upon utilization 
of the relations A 


dw = sin ndndis = — d (cos n)debs 
ax + By + yz ='R-cos-y 


(29) 
(30) 
in equation (26) there results 


Il = — (@2/MB[f J fOYEi(ct — Ros n) sin ndndb] 1) 


As in Ref. (2) and (3), the limits of integration in the new 
co-ordinates 7s, 7 will be chosen in a manner similar to those 
of equation (4) for @ and %, namely 0 to 27 for ¢b, and as 
shown in Fig. 5(a) for 7. (This does not correspond to a true 
transformation of the integration range of the integrals in 
equation (26). It rather corresponds to a different available 


initial choice of the range of integration in equation (1). It — . 
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is analogous to rotating a ray of integration in the complex 

plane, rather than distorting a path between the same limits.) 

Let the #-integration in equation (31) be carried out first. 

| During this integration, 7 is constant, and so is the argument 
of F;: hence there results 


Il = — real | fF (ct — Ros y) sin 7 an (32) 
0 


27 


f= | sopdbien 
0 


| Here (33) 


‘the mean value of f over the cone 7 = constant, with respect 
to the local longitude angle & (see Fig. 3), is completely 


Fig. 3. Spherical co-ordinates for field evaluation 


independent of F,;, and depends only on 7 and on the co- 
ilatitude 6 of the cone axis where 


cos 6 = z/R (34) 
Introducing T =CcOos y (35) 
jone obtains from equation (32) 
I) wal | f(t, d)F (ct =~ Rey | (36) 
1 


For the current pulse, utilizing equation (7), one obtains 


iy ne % fdr 
Les All TO ee 


An interesting conclusion which follows from equation (37) 
is that, along any ray 6 =constant through the origin, 
IIR depends only on ct/R. This result can also be obtained 
by dimensional analysis. 

_ This same conclusion also follows directly both for z > 0 
and z < 0 from the integrals (26) and (27), when F; is sub- 

tituted from equation (7). 

_ Passing over the calculation of f (this will be considered in 
Section 5) it will now be shown that equation (37) evaluates to 


| 2 
Tex af, d)|r=ctpR>1 


0 for ct/R< 1 


(37) 


(38) 


| 

To prove this we allow the path of y-integration in 
equation (32) to approach the pure-imaginary axis as in 
Fig. 5(a). The path of t = cos 7 will approach the real axis 
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between | and +00 from below. It will be shown in Section 5 
that f(t, 5) is real for real 7 (and real 6). Thus the integrand 
in equation (37) is real on the real t-axis. Hence, the only 
possible non-vanishing contribution to II from the integral 
in equation (37) is from singularities, if any, along the path 
of integration on the real axis. Evidently, the only such 
singularity is a pole at 7 = ct/R which lies along the path of 
integration if ct/R > 1, contributing to the integral the value 
qi times the pole residue. We are thus led to equation (38). 

As will be noted from equation (38), the locus (13) forms 
the boundary of the region in which the advancing wave 
pulse has established a non-vanishing field. 

Comparing equations (11) and (12) with equation (38) one 
could describe the effect of the ground on the field at any 
point P as amounting to a multiplication (of II) by the factor 


nef =n? nf, (39) 


where f, is the mean of the reflexion coefficient f, over the 
cone of directions shown in Fig. 3, having OP for its axis, 
and of semi-vertical angle 7 = cos~! ct/R, provided ct/R > 1. 
The last inequality shows, however, that any benefit which 
may be derived from this interpretation is spoiled by the fact 
that 7 is pure imaginary. 
We now consider the fintegration in equation (33); the 
evaluation of fis required to apply equation (38). 
From Fig. 3 we express y in terms of #: 
== Al ap IOS 
y ci p (aby 


where A =cos7 cos 6, B = sin7 sin 6 


The function f(y) in equation (33) is given by equation (28); 
it is single-valued over a two-sheeted Riemann surface in the 
y-plane with branch points at (see Fig. 4): 


Via de 10D tN (n7 18) (41) 
Furthermore, f(y) has poles at 
y= +4, a=1//@? +1) (42) 


Recall from Fig. 2, equation (23) that for y > 1 the positive 
radical \/(n2 + y? — 1) is understood. Therefore, the sheet 
of the Riemann surface in which the integration paths lie 
(this will be called the ‘‘upper sheet’) does not contain the 
pole y = a. 


earch ch point 


Fig. 4. Singularities of f(y) 


When the polar variables 7, ss are introduced in equation(31), 
the values of y = A + Bcos ¢ will no longer lie along one 
particular path as shown in Fig. 2(b). For 7 as in Fig. S(a), 
the values of cos y, sin 7 and of A and B are shown sche- 
matically in Figs. 5(b) and (c). As 7 approaches the imaginary 
axis, A becomes real and B pure imaginary, and for real 
the path of the y-values reduces to a vertical interval from y; 
to 2, where 

Vie Ar ad, Ae (43) 
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as in Fig. 5(d) or, if the :s-path be slightly raised from the real 
axis, the path of y-values runs around a closed narrow curve 
enclosing y;, Y2, as shown by the dotted curve in Fig. S(d). 

By replacing ys in equation (33) by y from equation (40) 

we obtain 

ner fay 

: 2m} [B2 — (y — A)?}!? 
where the path of integration encloses the two branch points, 
given by equation (43). 

As 7 approaches the pure imaginary axis as on Fig. 5(a) 
the branch points 7, y2 (the end of the chords of integration 
for real ys), for a fixed 5, as 7 varies, will describe confocal 
hyperbolas with y = + 1 as foci [see Fig. 5(d)]. 


(44) 


n-plane |A=cosd cos 9 
A cosn 
(a) (6) (©) (d) 


Fig. 5. Variation of 7, A, B and y 

For 6 = 0, the chords of integration collapse into points 
on the real axis beyond y = 1; for 6 = 7/2, they lie on the 
pure imaginary axis. 

For fixed 7, as 6 varies, y;, y> describe ellipses with foci at 
y=. 

It will be noted that f(y) is real for real y, and, as stated 
above, the branch of f(y) in question has no pole at y = a. 
Hence f = f f(y)ds/27 is real for the pure imaginary 7 
under consideration: indeed the contributions f(y)dib from 
two points P;, Pz situated symmetrically about the real axis 
along the chord of integration in Fig. 5(d) are the conjugate 
complex of each other, and their sum is real. 

Rationalizing the denominator in equation (28), 


obtains 
2 2+ p? 
UA note aa |? ! aaa x | (45) 


Substitution of equation (45) into equations (33) and (44) 
leads to two elementary and one complete elliptic integral 
of the third kind, with branch points at y = ‘+ ib, y;, y>. 

Certain special cases will now be listed for which the 
integration can be carried out by elementary means. 

For 7 = 0, equation (35) shows that 7 = 1, thus yielding 
the expanding sphere, equation (13). With B= 0, equa- 
tions (40) and (41) show that f(y) in equation (33) is inde- 
pendent of %, and f= f(cos 4). Equation (38) yields, as 7 
approaches | from the right, 


2n? cos 6 


1 
Le (a) [n2 cos § + +/(n2 — 1 + cos? §)] 


one 


a2n2 


y2 — a 


for <c7i/R =A 


(46) 


For 6 = 0 (vertical propagation) if, 7 reduce to ¢, 0 respec- 
tively, the integrand in equation (33) becomes independent 
of ys, and one obtains 


Thee 7 


p) 
e) {n2 +f1+@2— 1) R2/c212}1/2} 


for 6=0,ct>R 


(47) 
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& 
For 6 = 7/2 (horizontal propagation) the elliptic integral | 
in f can be shown to vanish. There results y y' 


oi) 


[(ct)2(n2 + 1)/R2 — n2] 1} 
for 0 = 7/2, ct>R 


n 
~ R(t — Het eae * 
(48) | 


For large ct/R one proves that 
fly) > 2/@? + D 


independently of %, and one obtains the first part of equation 
(50) ak 


(49) 


2 
a ioe cts R| 
nee 


Il = i ; 


(50) B 
Tl = | 


z atonal) ne 
nmz+1R J 


The second part of equation (50) can be deduced from 
equation (27) in a similar manner. Equations (50) ae 
with the field of an electrostatic dipole at z = 0. i 

The integration of equations (33) and (44) has been studied i 
for general 5, ct/R, but will not be discussed here owing to | y 
lack of space. 


5. UNDERGROUND FIELD 


For z < 0 the field is given by equation (27), which will be |! 
put in the form 


(51) € 


One may transfer from the sphere of integration x to the # 
sphere of refracted normals: 


Dis a/2 4 P2%+y2=1 


and put equation (51) in the form 


1 p. | 
n=-24, | Filet — ocx + By +7 2)do’ Ff 
(53) 


(52) & 


where c’ is the velocity of propagation in z < 0, 


O(N) 


(54) 
provided the downward direction be chosen as the positive 

Z-, y’-axis. 
This integral (53) may also be obtained from equation (26) 
by interchanging the spaces z > 0, z <0. 
By methods similar to that of Section 4, the integral (53) € 
can be reduced to the form 
fdr 


1 oe) 
fh a Al 7— ct/R 
f= SFG) ablom (56) 
fy’) = 2y'Imy + y+) (S7) 


The singularities of f’ in the y’-plane consist of branch points f 
at 


(55) | 


where 


eae bY, = (n? — 1)1/2/n (58) 


and of poles at A 
i 
Y= ta, a =nf? +112 (59) 
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i the real axis, and this 
| of the field. 


As in f(y) in Sections 4 and 5, the pole y =a’ does not lie 
in the Riemann sheet in which the integration is carried out. 
In contrast to f(y), the branch points +b’ of f(y’) are on 
turns out to complicate the evaluation 


For a current pulse, with F,, given by equation (7), again 


| One may write equation (55) in the form 


ind hae 
ts =| | (7 — re | (60) 


| Thus, ITR again depends only on ¢/R and 6’, the angle with 


the lower vertical. 
If f’ = f(z, 8’) were real for real + (and pure imaginary 7), 


|} then, as in Section 4, one can eliminate the y-integration 
iand reduce II to 


0 for c’t/R< 1 


re | F@/R, 7 = CUR for c't/R> 1 On 


| However, because the branch point 5’ is now real, it turns 
| out that only if the chords of integration in the y’-plane lie 
jto the right of b’ can f’ be shown to be real for real rt. This 
will be the case for all the points of the hyperbola of Fig. 5(d) 
.drawn in the y’-plane) provided that 


8’ < 8, Sy = sin—(1/n) (62) 


On the other hand, for 6’ > 69, some of the chords of inte- 
gration lie to the left of the branch point, and one may not 
evaluate equation (60) by the above method. 

Fig. 6, which represents a plane section through the z-axis, 
shows the solid angle over which the inequality (62) holds. 


Fig. 6. Region of disturbance at time ft 


The angle 69 can be obtained by drawing a circle of radius 
|R = ct in the upper half-plane, a circle of radius R = c’t in 


the lower half plane, constructing a tangent AB to the latter 


‘from the point A where the former cuts the horizontal axis, 


and joining the origin O to B, the point of contact. 

Inside the conical range given by: equation (62), the direct 
wave spreading from the dipole at O with velocity c’ reaches a 
field point P first. Outside this range, that is, for 6’ > do, 
there is a disturbance reaching each point P ahead of the 
direct expanding wave front. The front of this disturbance is 
due to Huygens wavelets that originate from intermediate 


‘points, such as Q in Fig. 6, on the surface of the ground at 
‘the instant when the spherical wave front of radius ct has 
reached them. In this angular range f(r, 0’) is no longer real 
for 7 > 1, and in general one cannot evaluate the integration 
(60) in terms of residue of f at the pole + = ¢’/R. 
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It is planned to examine the range 6’ > 6, at a later date 
in more detail. 

An alternative procedure for z <0 which was attempted, 
is based on the calculation of a wave function wu over the 
half-space z < 0 in terms of the boundary values over z = 0 
of uw and ou/dt, obtaining the latter from equations (48) and 
(14). A theorem for such an expression of wave functions 
was obtained by the author and is to be published elsewhere. 


6. FIELD OF HORIZONTAL DIPOLE 


We now consider briefly the field of a transient horizontal 
dipole, say a dipole of moment M(t), placed above the 
surface of the ground at Py: (0,0, d), and pointing in the 
direction of the x-axis. This field cannot be expressed in 
terms of a Hertz vector potential II with only a single non- 
vanishing component II, but, as shown by Sommerfeld 
(Ref. (4), p. 950), for the steady-state case, may be formulated 
in terms of a Hertz vector with two scalar components 


II = dL, 0, IT) (63) 


We may apply equation (16) to the incident component | 
of II,, and add reflected and refracted components for 
both I], and II, so as to satisfy the continuity along z = 0 
of the functions* 

OL edt) cell lee 
ell, ox a 0z Oe 


These conditions follow from the continuity of the tangential 
components of E, H, and the normal components of «D, wH. 

The resulting IT, is axially symmetric, and after dis allowed 
to approach zero, it approaches 


1 
=| = 


ell. 


(64) 


mt iF; [et 
+ ny 


(ax + By 4 


+ yao, Ze 0 


(65) 
oh 1 2y x bs 
I. a ae i ary [ct — (ax + By 
td m/2)\da, Z—<0 | 


On the other hand II, is not axially symmetric, but can be 
expressed in the form 
0G 
Ths = ae Ne 
where G is axially symmetric and is given by 
SS + 
1 20 — n?) S 
ess n 
ys ay [ vA [ct — oe = Py + oo Lee 
" (y + ny’) (y+ ny) 


Dee? 
ike 2G ae 
21 


(66) 


G= — 


MX) 
G=— 


n> 


° “all yF, [ct — (ax a Py — ny’z)|dw 
(y + ny')Ny’ + ny) 
For a current pulse F, and F; are obtained from equa- 
tion (7). 
The evaluation of the integrals (65) and (67) has not been 


\ z<0 


* The author believes that typographical errors must have 
crept into the equations on p. 950 of Ref. 4, which do not agree. 
with the first and last equations (64). 
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studied in detail. It is evident, however, that the difficulties 
encountered for a vertical dipole for z <0 will now arise 
even for z> 0. This is due to the factor (y + ny’), which 
has real branch points, and furthermore, to the fact that for a 
current pulse, equation (7) yields a function F,() which is 
no longer real for the complete real axis in the ¢-plane. 
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Technical properties of iron powder magnets 


By E. H. Carman, M.Sc., Ph.D., A.Inst.P.,* University of Melbourne, Australia 
[Paper first received 3 March, and in final form 15 August, 1955] 


Coercive force, remanence and maximum energy product of compacts of iron are measured as 
functions of density of packing (d/d)) and X-ray particle size (L). The iron is prepa red by hydrogen 
reduction of ferric oxide and for the grade used optimum technical properties are: B, = 
5200 gauss, (B.A) max = 0°82 x 10° gauss : oersted, and pH, = 400 oersted when L = 300 A 
and d/d) = 0:5. Maximum coercive force obtained is 610 oersted when d/d) = 0:3. For d/do 
fixed the three magnetic quantities increase with decreasing particle size, the increase being 
greatest with B, and (B. H)max. The increase in remanence is discussed in terms of its ratio to 
saturation magnetization and it is suggested that the observed increase is related to packing 
effects. Measurement of the influence of oxygen impurity indicates that the presence of a few 
per cent of oxide does not appreciably affect the quality of the magnets. 


Among the new permanent magnet materials developed in 
recent years are the pure iron powder magnets. These have 
been studied from the standpoint of the mechanism of 
coercive force by Weil,“ Néel@) and Bertout@) among 
others, and since the “‘intrinsic’’ coercive force (,H,) is of 
interest there, the corresponding technically important pH, 
has for the most part been neglected. The present paper is 
an account of experiments to show ,H,, remanence and 
maximum energy-product as functions of density of packing 
and particle size. 

For the experiments commercial ferric oxide of very fine 
particle size (approximately 200 A) is reduced under hydrogen 
at various temperatures between 250 and 400° C. This gives 
rise to iron powder samples of different particle size, each of 
which is formed into a series of compacts having a range of 
densities of packing. Each compact is measured magnetically 

- with a permeameter similar to the isthmus type developed by 
Sanford and Bennett.“ The iron particle size is found by 
standard X-ray diffraction technique. 


PREPARATION OF IRON POWDERS AND COMPACTS 


Below 350° C reduction is carried out in a hydrogen recir- 
culating apparatus developed by the present author.©) 
Effectively, some 40 or 50g of oxide are placed in shallow 
nickel boats over which dry hydrogen flows at about 600 1./h. 
To ensure complete reduction the temperature conditions 
are controlled to provide a uniform temperature throughout 
the sample. 

Above 350° C a simple hydrogen train constructed from a 


* Now at the B.S.A. Group Research Centre, Sheffield. 
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1 in. diameter silica tube surrounded by a furnace and utiliz- &! 
ing cylinder hydrogen freed from oxygen and water vapour is ae 
employed. The tube has a funnel device near the outlet for 
flooding the sample prior to removal. " 

The completely reduced powder is pyrophoric, and oxida- §& 
tion with the atmosphere is prevented by removing the boats # 
into petroleum ether. If the powder is removed from its #f 
protective liquid, in most cases only slight oxidation occurs — 
on drying out, but gentle heating will cause it to ignite. B 
Ignition also occurs if the dry powder is compacted, although 
sometimes apparently the restricted oxygen supply permits a) 
only partial oxidation evident by a small temperature rise 
in the compact. fe 

Compacts measuring 7:5 by 0:65 cm are formed by Ff 
applying load from a hydraulic press to a steel die containing i 
the wet powder. The die is dismantled to remove the compact } 
which is immediately placed in paraffin wax heated to just # 
above its melting point. A few minutes in the wax is sufficient § 
to ensure complete penetration since it mixes well with | 
petroleum ether. i 

The wax is used for protection against oxidation rather ° 
than as a binding medium—binding is necessary only for 
compacts formed under loads less than about 1 t/in?. X-ray ~ 
diffraction examination of a waxed compact immediately — 
after preparation, and some four months later, proves the 
effectiveness of the wax since only iron lines are present in 
each spectrum. ; 


PARTICLE SIZE MEASUREMENT 


For each reduction temperature a sample of freshly prepared k 
powder is examined by tne back reflexion X-ray diffraction — 
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| technique. Line profiles of the CoK« doublet are determined 
)with a Dobson microphotometer from the photographic 
exposures. After resolution, the pure diffraction broadening 
(¢) for the x component is obtained from a correction curve 
for instrumental broadening based on the particle size 
| distribution 


P(M) = (2/77)(M?/S?) exp [4(—M?/S?)] 


| where M is the particle size and S a constant. 
The apparent particle size L then follows from Scherrer’s(?) 
relation 


& = Aj(L cos 8) 


where ¢ is the angular line breadth, X the wavelength of 
incident radiation and @ the Bragg angle. 

The particle size determined by this method refers to linear 
; dimensions, for example, a cube edge in the case of cubic 
i particles, or a diameter in the case of spherical particles. 
Precise definition of particle size is not possible in view of the 
| inherent approximate nature of the method. 


MAGNETIC MEASUREMENTS 


' - The permeameter employed in the present work is designed 
Be magnetizing forces up to 4000 oersted with low mag- 
; netizing current. The main poles are fitted with adjustable 
polepieces to permit measurements with specimens of various 
peepeths. To determine demagnetizing curves for the com- 
p pacts they are surrounded by a B-coil and placed between 


ithe adjustable pole pieces. The magnetizing force at each 


4 
point is measured directly with a small H-coil which is adjacent 
Ft 


o the compact surface and rotates through 180° about an 
axis normal to the field direction. 

Tests have been made to ensure uniformity of field near 
| the compact and A-coil. Also, large air corrections common 
with materials of low remanence are reduced by employing a 
| series of B-coils to fit the different sized specimens. Measure- 
| ments are carried out by the usual ballistic method.® 


EXPERIMENTAL RESULTS 


_ Ten samples of ferric oxide from the same stock reduced at 
temperatures between 250 and 400 °C are described in Table 1. 
/ Nos. 1 to 7 have been prepared by the above mentioned 
recirculating method, while Nos. 8 to 10 result from reduction 
under purified cylinder hydrogen. 
Table 1. Details of preparation and description of compacts 
Reduction Metallic Number Range of 
| temperature iron Particle of density (g per cm3 
No. (Cx) content (%) size (A) compacts of compact) 
1 250 100 245 4 12623204. 
D 280 100 244 5 1-21=3°52 
3 280 93 265 3 4353 
4 310 100 313 6 1:31-4:45 
5) 320 90 410 8 0:68-4:00 
6 330 95 465 7 0-90_-4- 34 
7 350 95 503 6 1:66-4:00 
8 350 100 547 3 2:44-3 - 66 
9) 375 100 640 3 2:61-3:80 
10 400 100 791 34 9.09 -4"04 
| 


The figures in column 3 refer to the weight per cent of 
‘metallic iron in the reduced powders. This is determined 
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from a comparison of the respective X-ray spectra with 
spectra from a standard series of powders, prepared from 
mixtures in known proportions, of carbonyl iron and finely 
powdered ferrous oxide. Oxide lines from partially reduced 
powders appear to correspond closely with those from 
ferrous oxide. Of course, this method suffers from the dis- 
advantage that it does not allow for variation in relative 
intensity between iron and oxide lines due to particle size 
variation; consequently it is only suitable for approximate 
relative determinations of composition. 

Maximum and minimum values of density for each series 
of compacts mentioned in column 5 appear in column 6. 
Correction is made for the presence of wax by employing 
the following relation for the weight of iron (or iron plus 
iron oxide) per cubic centimetre of compact: 


ter Dion 
dy a7 d ; dy 


wax 


d= 


Here d’ is the weight of the compact divided by its volume, 
dq. the wax density and dy the density of massive iron. 
Following the method of Weil the magnetic quantities - 
are plotted against the relative volume of non-magnetic 
voids [1 — (d/dp)] instead of the density of packing (d/dp). 
Results for coercive force (,H,), remanence (B,) and maxi- 
mum energy-product (B.#),,,, from the ten series of com- 
pacts described in Table 1 are in Figs. 1 to 3 respectively. 


DISCUSSION OF THE RESULTS 


(a) Variation of pH, with density of packing and particle size. 
Depending on the particular reduction conditions the curves 
of Fig. 1 are linear only for [1 — (d/do)] between zero and 
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Fig. 1. Coercive force as a function of packing factor 
for a range of particle sizes 
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0-5 to 0:8; subsequent decrease for higher [1 — (d/d)| 
results from ,H, tending to zero with the density of packing. 
The initial, apparently linear, increase is most likely related 
to the overall linear increase in ,H, found by Weil) since 
pH, behaves in much the same way as ,H, for sufficiently 
high values of d/dp. 


Fig. 2. Variation of remanence with packing factor and 


particle size 
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Variation of maximum energy product with 
packing factor and particle size 


Fig. 3. 


The slope dyH,/(dy) — d) of the linear ranges varies with 
the reduction temperature and related particle size, the two 
relationships are shown in Figs. 4 and 5. These curves show 
that for any given value of d/dp, in the linear range, 2H, 
reaches a maximum corresponding to a reduction temperature 
of 290°C and particle size approximately equal to 300A 
which is in the neighbourhood of the predicted critical single 
domain size.2) Of course, this value is only accurate to 
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about 30% in virtue of the method of particle size measure- — 
ment employed. i 

(b) Influence of oxygen impurity. Results of measure- i 
ments on compacts from iron formate partially reduced under i 
hydrogen at 300 to 350° C have been published by Lihl.© — (4 
They indicate maximum in curves for coercive force and | 


250.5 GO F020 


400 
Temperature (°c) 


Fig. 4. Indicating the relationship between coercive 
force and reduction temperature for pH, versus 
(dy — d)/dp linear 


|OOO 


800 


O 200 400 600 800 
L (A) | 


Fig. 5. Comparison with Fig. 4 showing that coercive 
force is related to particle size and reduction temperature 
in a similar way 


remanence near 60% metallic iron falling sharply towards # 
100% iron. Similar experiments by the present author, the 
results of which appear in Table 2, suggest that pH, and B, | 
reach their maximum value at 100% iron. Fluctuations in ~ 
iron content and magnetic properties evident in cases where 
reduction is longer than eight hours results mainly from 
variations in temperature conditions. However, it seems 
clear that the presence of some 5% of oxide in the case of B, 
and a somewhat higher proportion in the case of pH, changes | 
these quantities by an amount which is scarcely beyond the 
error of measurement. This is supported by a comparison © 
between Figs. 4 and 5 where it is apparent that the points from — 
compacts containing oxide (Nos. 3, 5, 6 and 7 in Table 1) do } 
not lie off the respective curves in a corresponding manner. 
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| vary. 
. evident in Figs. 1 and 2 that the true behaviour of pH, and B, 
| with oxygen content could only be known if d/dp is kept 
' constant—a condition which appears absent in Lihl’s work, 
| but is certainly present in Figs. 4 and 5. 
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Table 2. Partial reduction of iron oxides at 380° C 


Time (h) % metallic iron BHe By 
2: 5 234 1150 
4 70 320 1690 
6 95 320 2020 
8 95 320 2070 
10 100 316 1970 
12 05 320 1920 
14 98 338 2060 


The discrepancy between the results of Lihl and the 
present author seems puzzling at first sight but might well lie 
in differences in the respective ways the density of packing 
In fact it is obvious from the variation with d/do 


G00 400 600 800 
L (A) 


Fig. 6. Relationship between magnetic properties and 
particle size for compacts having the same packing factor 
(0-5) 


(c) Remanence and maximum energy-product. For tech- 
nical purposes a high value of B, and (B.#),,,,, rather than 
just high coercive force is required. Figs. 2 and 3 show that 
these quantities increase with density of packing, the increase 
being larger for the smaller particle size. For d/dy approxi- 


_ mately equal to 0-5, the maximum obtainable with the avail- 


able equipment, B, and (B.#),,,, appear as functions of the 
particle size on Fig. 6, together with the corresponding curve 
for 2H. 
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The decrease in B, with increasing particle size evident in 
Figs. 2 and 6 can be interpreted to some extent with the aid 
of saturation magnetization measurements at each end of the 
particle size range. From these the values of the ratio of 
remanence to saturation magnetization J,/J, for maximum 
and minimum d/dp in the series 1, 2, 8, 9, 10 were found, and 
appear in Table 3. 


Table 3. J,/I, related to particle size and density of packing 
Tr|Ts Particle size 
No. Min. d/do Max. d/do (A) 
1 0-66 0:69 245 
D 0:51 0:77 244 
8 0-61 0:52 547 
9 0:52 0:35 640 
10 0:46 0-32 790 


These results show a general decrease in J,/J, with increasing 
particle size for maximum d/dp, the decrease being less marked 
for minimum d/dj. Thus the effect of packing is to make the 
remanence more sensitive to particle size variation. Alter- 
natively, the smaller, presumably single domain, particle 
sizes are less influenced by packing than are particles some 
two or three times larger. This would be expected if, as the 
packing increases, the smaller particles sinter over smaller 
areas of contact than the larger, since this would be accom- _ 
panied by greater stability in domain configuration resulting 
from the more restricted wall movement between particles. 
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A simple adaptation of the carbon replica technique for the 
examination of selected areas in the electron microscope 
By D. E. Braptey, Associated Electrical Industries, Ltd., Aldermaston, Berks. 

[Paper received 5 July, 1955] 


The value of electron microscope replica techniques, particularly in metallurgical applications 
is greatly enhanced if it is possible to examine areas or features selected in. the optical microscope. 
Though existing methods can be used to achieve this with the carbon replica, it has been found 


that they are not entirely suitable. 


The paper describes a simple and quick method for use 


with carbon replicas. To illustrate a possible field of application, a selected area of a pearlitic 
steel specimen is examined at different stages during etching treatment. 


It has been found that, in the replication of surfaces for the 
transmission electron microscope, it is frequently desirable to 
be able to examine an area or feature which has been selected 
in the optical microscope. Various methods have been 
devised to achieve this, the most notable being those of Hyam 
and Nutting,“ Nankivell® and Booker.@) In spite of this 
abundance of methods, little use appears to have been made 
of them. This may be due to the fact that the operations are 
difficult to carry out, or involve the construction of compli- 
cated apparatus. In this Laboratory, the wide use of the 
carbon replica‘*»5) has necessitated the development of a 
simple and quick method of examining selected areas. The 
method of Hyam and Nutting is suitable for use with dry- 
stripped Formvar replicas,“ which can be used to make 
carbon replicas, but the apparatus involved is complicated 
and the Formvyar replica is liable to slip relative to the grid, 
perhaps causing the feature of interest to be obscured behind 
a grid bar. The technique described below eliminates this 
difficulty, and requires only a very simple attachment to a 
16 mm optical microscope objective. 


APPARATUS 


The attachment is illustrated in Fig. 1. It consists of a 
flat plate A which is drilled so that it can be clamped between 
the objective cap and the main body of the microscope 


Fig. 1. 
Attachment 
mounted on a 
16 mm optical 
objective 


_ objective lens. A second plate B is attached to the first by a 
hinge at C at one end, and a hinged bolt D at the other. The 
separation of the plates is adjustable by the knurled screw E 
and hinged bolt D working against a compression spring. 
Three small pins at F are soldered in position round a 3; in. 
diameter hole G, which is drilled with its centre on the optical 
axis of the objective. The specimen grid is attached to the 
three pins with a small amount of adhesive. A very satis- 
factory method of applying this is to moisten a strip of 
cellulose tape with chloroform, a solvent for the adhesive, 
‘and to rub the tape against the pins before the chloroform 
dries. A grid placed on the pins will then remain firmly in 
position. The objective is fitted to a microscope with a 
vertical illuminator, and the grid can be brought in and out 
of focus with the knurled screw E. 
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Before taking a replica from a selected area or feature, it 
is often necessary to make some form of reference scratch on 
the specimen for either electron-optical or optical identifica- 
tion. As the above authors,“>23) have suggested, this may jj 
be carried out by means of a suitable micro-hardness tester. 
As an alternative, an attachment can be made for an optical 
microscope with a graduated stage. This consists of a fine- 
pointed diamond or sapphire attached to the end of a metal’ 
arm, pivoted at its centre on a stand bolted to the fixed 
portion of the microscope stage. By placing a weight at 
suitable positions on the bar, the load on the point may be 
varied, thus allowing some adjustment to the dimensions of 
the scratch. The marking is carried out by placing the 
specimen on the stage, allowing the diamond point to rest 
on the edge of the specimen, and then using the stage controls. 
to draw the desired scratch pattern. 

If the feature is sufficiently distinctive, a scratch pattern 
may not be required for identification in the electron micro-- 
scope. In this case, there is also no necessity for scratches. 
for optical identification, provided the specimen can be 
returned to its original position on the optical microscope: 
stage after the removal of a replica. 


METHOD 
The method of operation is described stage by stage with: 


reference to Fig. 2. After the specimen under examination q 


has been marked or located as described above, it is removed 


a ee: bar 
mvar 


Cb)e 


(a) 


a ma>—Bedacry| 
ipo 8h | rid bar >. o—= 
“4 Larrea 

oS 9 : F 


LIBERTE 
(c) 


(ay. Bedacryl 
carbon carbon 
Formvar aa Seance” gotecay! 2 
rid ba 
grid bar i [ +3 hee 
Bedacryl 
(e) Cf) 


Fig. 2. A diagrammatic representation of the various 
stages of the technique used to produce carbon replicas 
of areas selected in the optical microscope 
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Fig. 3. Electron microscope specimen support grid 

positioned with a known grid square over an area of 

the specimen marked by the intersection of two 
scratches. (85) 


Fig. 4. Carbon replica of pearlitic steel etched in 
1% nital for 20s. Shadowed at tan—! 4 with gold 
palladium. (x 12000) 


Fig. 5. Carbon replica of pearlitic steel etched in 
1% nital for 60s. Shadowed at tan~! 4 with gold 
palladium. (x 12000) 
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from the optical microscope and a thin film of Formvar is 
cast on the surface from a 3°% solution in chloroform con- 
taining 20°% dry dioxane [Fig. 2(a)]. The purpose of the 
dioxane is to cause the preliminary Formvar replica to strip 
easily at a later stage. The specimen, with the Formvar film 
still on it, is now returned to the optical microscope and the 
feature or area of interest located in the centre of the field, 
using an ordinary 16mm objective. This is then replaced 
by the objective fitted with an attachment as described, and 
having a centre-marked grid in position. The position of the 
grid is now adjusted so that it is just above the focal point of 
the microscope, i.e. the bars are slightly out of focus. The 
microscope tube can now be lowered until the specimen appears 
in focus below the grid bars. The feature of interest is then 
located in a suitable grid square by means of the stage controls. 
Fig. 3 shows an electron microscope grid (made by Smethurst 
Highlight Ltd.) type Gap 150, with a large centre square, in 
position over an area marked by the intersection of two 
scratches. The microscope column is now lowered so that 
the grid is pressed firmly against the specimen by the pins 
[Fig. 2(b)]. One or two drops of 1-2% Bedacryl* in ether 
is allowed to fall on the metal specimen from a micropipette 
introduced at the notch marked H on Fig. 1. Sufficient 
solution must be applied to allow it to flow over the grid. A 
stream of cold air from a dryer will cause the ether to eva- 
porate in a few seconds, the film of resin produced anchoring 
the grid in position [Fig. 2(c)]. The microscope is then 
re-focused so that the position of the feature on the grid 
can be checked. The specimen is then removed from the 
stage and the grid separated from the metal with a pair of 
fine-pointed forceps. The replica remains in position on the 
grid as shown in Fig. 2(d). A thin layer of carbon is now 
deposited on the structure surface of the Formvar [Fig. 2(e)], 
which is then washed off) by bending the grid slightly, 
placing it on a peg about 2 mm below the nozzle of a burette, 
and then allowing about 5 ml of chloroform to flow over it. 
The solvent also removes the Bedacryl backing, but the 
carbon film remains firmly anchored in its original position 
[Fig. 2(f)], probably by a small amount of undissolved plastic 
remaining between the grid bars and the film. The grid is 
now ready for examination in the electron microscope, but 
it is advisable to examine the specimen optically under 
vertical illumination to ensure that the feature of interest is 
intact. 

There are two limitations to this method, the first being 
that if the specimen is to be shadowed, the material must be 
deposited through the grid bars so that it is on the “‘positive”’ 
surface of the replica. This limits the angle of shadowing to 
3:1. Another limitation is encountered when examining 
heavily-etched steel surfaces. It has been found that the 
preliminary impression does not come away from the metal 
if the etch is very deep. So far, this limitation has only been 
encountered in connexion with steel specimens. 

Both these difficulties can be overcome by the use of a 
slightly more complicated procedure. A film of Formvar is 
cast on the metal, as above, and then backed with Bedacryl 
from a 7% solution in benzene. The composite film is 
breathed on and dry-stripped from the metal with cellulose 
tape. The carbon film is deposited on the Formvar surface 
and then the whole assembly fixed to a microscope slide for 
support and placed in a bath of acetone. The Bedacryl 
rapidly dissolves, allowing a very thin metal lifting tool to 


* Bedacryl 122X is a soluble resin made by Imperial Chemical 
Industries Ltd., and supplied as a 40% solution in Xylene which is 
diluted to 1-2°% with ether. 
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be slipped between the Formvar-carbon film and the tape. 
This combined film is then lifted from the acetone and 
floated on a water surface from which it can be collected on 
a microscope slide, carbon upwards, and dried. When 
viewed under vertical illumination in the optical microscope, 
this film closely resembles the appearance of the original 
specimen and it is possible to pick out the selected feature, 
which is then positioned beneath a grid by means of the 
attachment as described above. 1-2°% Bedacryl solution is 
again applied and dried, and the grid with the replica adhering 
to it is removed from the slide with sharp forceps. Washing 
is carried out as before. The replica can then be shadowed 
in the normal manner. It has been found possible to strip 
Formvar films from very heavily-etched specimens by this 
method, the first part of which is similar to the carbon 
replica technique described in detail elsewhere.) 


RESULTS 


The method is illustrated by Figs. 4 and 5. These show 
the same area of a pearlitic steel specimen. In Fig. 4, the 
specimen was subjected to a light etch in 4% nital. Here, 
the structure is just visible, and is badly obscured by debris 
from the worked layer. A heavier etch, however, completely 
removes this debris and throws the carbide lamellae into 
sharp relief, as shown in Fig. 5. 


CONCLUSIONS 


A method for examining selected areas has a wide field of 
applications, one of which, the effect of etching time on a 
given field of a metallurgical specimen, has already been 
illustrated.” The formation of slip lines could also be 
followed in the same way. In addition, the ability to correlate 
results obtained from optical and electron microscopes is of 
considerable value. A suspected artefact, which may have 
been produced in the replica process, can immediately be 
checked by taking another replica from the same field. 

In many laboratories, it may be necessary to take a very 
large number of replicas from a specimen, and the above 
method not only permits the use of the carbon replica with 
its many advantages, but also cuts down the time required to 
prepare the specimens; after a specimen has been suitably 
marked, an experienced operator can remove a Formyvar 
preliminary impression in from three to five minutes. Thus, 


a given field can be replicated and shadowed ready for | 


examination in less than an hour. 
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While a cathode emits more electrons than are 
other electrodes, it was generally accepted that 


change ‘of cathode activation, have subsequently 


virtual cathode cannot entirely compensate for 


variations of current drawn leads to conclusions wi 


the standing wave pattern. It is postulated that 
effect. 


LIST OF SYMBOLS 


Integers describing the number of nodes in the 
standing wave pattern along and across the 
cathode. 


V4 Anode potential 
i(n,m, V4) Valve current 
(n, m) A function of the numbers of nodes in the 
standing waves 
P(n), O(m) Polynomials 
Oi A change in valve current 
Ai, Change of current in upper bridge arm 
E Ai, Change of current in galvanometer 
| Ve Voltage applied to the bridge (V4 = Vg — Ri) 
. R Equivalent anode load of valve 
| a, b Dimensions of the cathode (equivalent rectangle) 
0, 4j, 4, Polynomial coefficients 


se 


This paper is concerned with the slow fluctuations and drifts 

which occur in the current drawn from the cathode of an 
electronic valve under conditions of static applied potentials. 
| These may be regarded as manifestations of “flicker effect” 
at very low frequencies, but for understanding the experiments 
and interpretation, the mean steady current approach is 
desirable initially. Changes which persist for an appreciable 
time with respect to a steady current reference have been 
studied, and the steady state approach has been employed, 
| both in their measurement and in their interpretation. The 
phenomena described may also play their part in contributing 
to noise at all frequencies. 
| In some work with low energy beams of circular sym- 
metry, it was found that standing waves existed on the 
cathode in the form of concentric circles, and that the pattern 


INTRODUCTION 


changed critically for very small changes in electric field. 
|The different patterns were associated with step changes in 
the current/voltage characteristic for individual electrodes. 
There was also a slight indication that the total cathode 
current characteristic took very small steps. At different 


cathode temperatures, the changes from one pattern to 
another occurred at different voltages in the characteristic. 
|! These conclusions are consistent with the work of Klem- 
perer, who discovered such standing waves to occur in 
two directions, across and along the surface of a much larger 
rectangular cathode. 

The steps in current/voltage characteristics indicate a 
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required to supply the current demanded by 
the current cannot change appreciably with 


cathode temperature. Considerations of the current drawn by fixed electrode potentials, during 


accepted a change in emitted electron energy 


spectrum as a cause of small current changes, since the change in potential depression in the 


the altered emission. Thus the present con- 


ception is of a smooth current variation with activation (temperature). The paper shows how 
standing waves in the virtual cathode tend to modify this simple model. 
A qualitative assessment of the possible effects of standing waves in the virtual cathode on the 


th which the experimental results are consistent. 


Time anomalies in the variations of current drawn under static conditions are revealed by 
experiment, and it is concluded that the major factor controlling the current characteristic is 


changes of pattern are responsible for flicker 


preference by the space charge of the virtual cathode for 
particular patterns, presumably satisfying conditions imposed 
by the cathode boundary. Hence in the event that several 
different (preferred) patterns can be supported under sub- 
stantially the same electrode potentials, it seems less reason- 
able to assume that the current drawn from the cathode in 
the different pattern conditions remains constant, than to — 
assume it changes with each change of pattern. Experiments. 
are described in this paper, which show that pattern changes. 
occur, and act in such a way as to cause the variations of 
current drawn from a valve cathode to be striated, indicating 
that the standing wave patterns satisfy boundary conditions 
on or near the cathode and are each associated with a par- 
ticular current characteristic. This mechanism of cathode 
emission fluctuations is interpreted in terms of flicker noise. 


2. NATURE OF THE PROBLEM 


Circular standing waves“) were associated with a very 
small cathode and, for the same order of wavelength, a much 
larger number of waves would be expected to occur in the 
cathode of a conventional electronic valve while the thermal 
or surface changes, required to induce a change of pattern, 
could be much smaller. Suppose a cathode to be supporting 
a standing wave pattern with n nodes (where n is a large 
integer). Then the simplest pattern changes which might 
occur, disregarding singularities or distorted patterns with 
nodes not persisting right across the cathode, would involve 
a change fromn ton +1. Nown is a parameter supposedly 
determined uniquely by the state of the cathode, and therefore 
it is probable that the current drawn from the cathode with 
fixed electrode potentials may be expressed as a polynomial 
in n. Such polynomials, used to describe physical relation- 
ships, usually have rapidly decreasing coefficients, so that the 
actual contribution to current of powers of n higher than 
4 (say) may well be negligible, to the extent that the experi- 
mental work should be designed to discover preferred values 
of cathode emission which are equispaced. In fact 
Klemperer’s findings indicate wavelengths between 0:2 and 
2mm, therefore n for these experiments may lie between 
10 and 100. To take account of changes along and across 
the cathode, preferred levels would comprise equispaced 
families of equispaced emission levels. 

These considerations may be written: 


i(n, m, V4) = $(n, mV32 = PQ) V3? (1) 
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Where P and Q are polynomials and a 3/2 power law is 
assumed. 


di (forn +n + 1)= _ = P'(n)Q(m) V3? (2) 


In a valve with an anode load, the anode potential becomes 
a function of the current and the load, hence: 


i(n, m, Vz) = $(n, m).(V_z — Ri)3!2 (3) 
Hence: 
2 Pn). 0p — Ri? — 3 RE. POM g — Ri! 
on : 5 2 dn Y 


Where the partial derivatives are now for constant supply 
potential and not anode potential: 


SF = P'(n). OO Vn — RIP + 3K. POO — RI 
(4) 


Again, for a small range of values of n with n large, this 
may be substantially constant. The same considerations 
apply with respect to m. 

Physically, if the emission current (with or without an 
anode load), under constant applied potentials, varies with 
n, then a tangent may be drawn to the curve of current as a 
function of nm. This tangent may be expected to approximate 
to the curve for a small range of n at large values of n. 

The foregoing considerations lead directly to the experi- 
mental method of seeking the existence of preferred emission 
levels. 


3. EXPERIMENTAL METHOD 


Since it was desired to detect and measure accurately 
small changes in the anode current of a valve, and since such 
changes were known to comprise the instability fluctuations 
normal to valves, the order of sensitivity required was known. 
A bridge circuit as in Fig. 1(a) was employed with a sensitive 


Fig. 1. (a) Instability measuring bridge. (6) Potentiometer test circuit. (c) External drift cancelling bridge 


galvanometer. The resistors in the circuit were all wire- 
wound and the potentials were all derived from batteries. 
Time was allowed for the equipment to settle at room ambient 
temperature and the bridge then approximately balanced by 
control of grid bias. In this condition, the variations of 
current in the valve should be represented by changes in the 
galvanometer reading to which they are linearly related. 
The values of the resistors in the arms of the bridge produce 
a relationship of 7 to 3, between the valve current changes 
and the galvanometer current changes. This relation, and 
the implied change in the constant of an approximate 3/2 
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power law for constant bridge voltage of 90 V, are derived i} 
the Appendix. | 

Two methods of recording the variations were employe 
initially: | 

(i) The galvanometer reading was taken at regular interval}j 
of time, the nearest scale calibration point being recordec ti 
and the intervals were usually chosen to be approximatel |f 
8s, their occurrences being signified by an audible counte}y 
in order not to distract visual attention from the galvancy 
meter. : 

(ii) The galvanometer was observed continuously and whe ly 
the reading became constant for 2 or 3s the value of such § 
reading was recorded. This was a more difficult method ani 
required a consistency of judgment hard to maintain. fo| 
sustained periods of measurement. 7 

If step changes in current were occurring at a fairly fas| 
average rate, it was possible that only occasionally woul}: 
the galvanometer give a reading characteristic of one of th|? 
preferred ‘‘cathode states”; hence the second method oj} 
recording. If the stable states mainly persist for appreciabl §) 
longer times than the transition times between states the firs} 
method is preferable, in being substantially independent off 
observer bias. e 

Plots of galvanometer reading against the number 07% 
occurrences were generally used to study the “‘emissioi?- 
pattern.” A difference analysis was also used in which th} f 
number of occurrences of each difference is plotted, on th’? 
assumption of equispaced emission levels. This seconi 
method of analysis is probably more easily adapted to thi © 
second experimental method than to the first, but the very 
long time taken to obtain results made it less useful. 7 

The experimental establishment of significant results witliy 
the first method led to a photographic method of recording} 
which confirmed the significant preferred galvanomete jh 
readings. A galvanometer spot was reduced to a vertical sli}! 
(horizontally deflected) and photographic time exposure 
were taken of the scale, in suitably dark surroundings. Thi 
advantages of the photographic method are in the eliminatioi) 


of observer factors and in the use of an integration as @ 
measure of preferred scale position. It is, however, difficul 
to assess an absolute measure of preference with this method 
though it is qualitatively better for establishing the existence 
of preferred levels. ; 

Apart from cathode condition changes which are assumec! 
to operate through the standing wave pattern mechanism 
there are other sources of instability in the circuit, Variations 
of battery potentials, contact potentials and resistance values 
might mask the effect sought. Tests indicated that they were) 
substantially smaller than the measured fluctuations in the 
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bridge circuit, Fig. 1(a). The sensitivity of the galvanometer 
to changes in bridge voltage is 8 LLA/V, while two unequally 
loaded batteries in a potentiometer circuit, Fig. 1(b), have a 
| Sensitivity to either voltage change of 6 wA/V. Over periods 
| : oe 30 min this circuit indicated changes of less than 

Perhaps the most convincing check was provided by 
studying drifts in a bridge circuit, Fig. 1(¢), which compared 
the two halves of a double triode. The galvanometer current 
excursions were of the same order as those in the circuit of 
Fig. 1(@) presented in the paper, and preferred emission 
| levels were clearly indicated. Battery voltage drifts and 
resistance changes with temperature are automatically 
} cancelled by this circuit. 

Finally, the temperature coefficient of the resistors 
(0-0025°% per °C), is small enough to be ignored in normal 
1) indoor conditions. 


4. EXPERIMENTAL RESULTS 


| Experiments with a galvanometer for which 1 scale division 
corresponds with 8-4 x i0~? amperes were performed first. 
Fig. 2 is a typical histogram obtained at this stage of the 
work; the appearance of a slight ripple overlaid on a normal 
distribution was not regarded as very significant, though it 
; appeared with fair consistency. For further work a gal- 
vanometer with greater sensitivity and several ranges was 
Drought into use to take readings with various sensitivities. 


100 =H | i 
& 80 
© 
3 60 
oO 
° 40 
3 
= 
2 20 


OPO 201 SOm, 140 SO 
Galvanometer scale (0:0084 pA 
per division) 


Fig. 2. Readings taken at 8 s intervals 


| Histograms of readings, taken with the most sensitive 
galvanometer setting (3 x 10~1° amperes per scale division), 
gave results of which Figs. 3 and 4 are typical of readings 
taken by methods (i) and (ii) respectively. While these 
readings were taken, the galvanometer spot spent a con- 
siderable time off scale at each end of the scale. The distri- 
butions of reading frequencies indicated a distinct preferred 
valve current region on the galvanometer scale, while the 
large time spent off scale indicated the existence of other 
| preferred regions which might or might not be fairly closely 
defined, as is the case for the “‘on scale” distribution. These 
histograms were plotted with lower resolution than was 
available, in ‘“‘bunches of six” and “bunches of three,” 
because it seemed impossible to interpret the fine structure. 
| The fine structure was probably not significant, and it obscured 
the overall picture. Adding successive batches, it was 
| possible to bunch (0-5, 6-11, 12-17) or (1-6, 7-12, 13-18) 
or etc., and it was found that the shapes of the distributions 
were practically independent of where the batches start. 
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Fig. 3(a) shows “bunches of six” which gave a fairly 
smoothed curve, while Fig. 3(6) in “‘bunches of three” 
indicates the presence of peaks and minima with irregular 
structure in which consistent spacings do not occur. The 
amplitude of the overlaid ripple appears large for the numbers 
involved in the ordinate values. 
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Fig. 3. Distribution of reading occurrences. Readings 


taken at 8 s intervals 


(a) Repetitions grouped in sixes. 
(b) Repetitions grouped in threes. 


Fig. 4, which is a distribution taken with repetition of 
readings at “rests,” is inconclusive, and it took substantially 
longer for appreciable numbers of readings to accumulate. 
Hence these results are not supported by many sets of read- 
ings giving similar results, as is the case with the time interval 
readings, and the few sets which were taken have not any 
very significant features. Plots of reading differences, for 


Number of occurrences 


Galvanometer scale 


Fig. 4. Distribution of reading occurrences. Readings 
taken at rest. Repetitions grouped in sixes 
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readings close together in time (taken as “‘rests’’), failed to 
produce positively useful information, but the distribution of 
differences seemed too irregular to be in accord with random 
statistics. 

On the assumption that the single maximum of Fig. 3 and 
of other similar tables was one of several, the others being 
occupied when the galvanometer spot was ‘“‘off scale,’’ less 
sensitive measurements were made. 

A series of experiments established the existence of different 
maxima, and Fig. 5 shows typical experimental results. 


Clarke 


aperture giving a fixed defocus along the scale and variable _ 
defocus transversely; otherwise a larger aperture might have } 
blurred out the maxima. Hence a notation for the lens 
aperture was adopted in which the first f number refers to fi 
the aperture dimension transverse to the scale and controlled § 
by the normal circular aperture; the second f number refers | 
to the width of the slit superimposed on the front of the 
camera. at 

Several valves have been investigated by this method with jf 
different values of anode potential [in the results the bridge 
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Fig. 5. Distribution of reading occurrences. 


These curves apply to one particular electron tube, for a 
particular value of anode potential and cathode current, but 
it is possible to observe similar distributions under different 
conditions and with different electron tubes. Fig. 6 shows 
how the peaks become more pronounced with less resolution. 

In particular, Figs. 5(c) and (d) are graphs of readings 
taken on the same day, without permitting the cathode to 
cool between sets of readings. The similarity of the two 
distributions is clear. 
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Fig. 6. Distribution of reading occurrences. Readings 
taken at 10s intervals. Repetitions grouped in nines 


With its advantages and limitations, the photographic 
integration of time spent by the galvanometer in each scale 
position was a powerful tool in these experiments. It was 
found that the taper in width at each end of the illuminating 
slit enhances the intensity effect by providing an intensity 
variation across the scale. Thus the more intense lines 
appear wider. 

For a variety of time exposures, since a fixed focus camera 
was in use, it was found expedient to use a rectangular 

BRITISH JOURNAL OF APPLIED PHYSICS 


Readings taken at 10s intervals. 


436 


Repetitions grouped in threes 


potential V, is specified, and the circuit values cause the 
anode potential V, to be approximately } Vg when near & 
balance]. Before considering these results, it is important to § 
state that the appearance of the “emission pattern” differs” 
from valve to valve, from one current drain to another jf 
(caused by different values of V,) and within valves from one 
run to the next. A run is defined as any period during which @ 
the cathode remained heated by a stable battery and the wt 
bridge potential was continuously applied, while minor @ 
changes of grid potential were permitted between photo- % 
graphs if necessary to bring the bridge towards balance. 
Some well-defined features, however, remain common to the 
patterns. Again, there is a tendency for the drift to vary in 
nature; sometimes quite fast back and forth and on and off 
scale, at other times slow drifting and apparent locking at | 
points. But with either drift behaviour similarities of pattern 7 
occur. The range of drift appears to vary from run to 
run and from valve to valve, so that different resolution & 
pictures were easily obtained. - 
Fig. 7 presents the apparent slit widths as seen by the’ 

camera for different apertures along the galvanometer scale, J 
which indicates the resolution employed in looking at the 

galvanometer slit. ; 


(b) 
Fig. 7. Sizes of reference slits 


(a) Aperture f/22 x f/22. 
(b) Aperture f/4 x f/40. 
(c) Aperture f/2-8 x f/80. 


(a) 


Figs. 8-11 present results for different valves of which that 
of Fig. 8 received extensive attention under different con- [ 
ditions. In Fig. 8(a) a fairly low resolution picture is obtained | 
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bf the valve in a mode of behaviour similar to that observed 
‘or valve No. 1 by repetitive galvanometer readings; (I)-(V) all 
show definite preferred regions with a tendency for a pair of 
intense lines to occur close together. Fig. 8(b) shows results 
with a better resolution under the same circuit conditions. 

educed cathode current results at three resolutions are 
presented in Figs. 8(c), (d) and (e). Fig. 8(c) shows some 
¢emarkably intense maxima and trace (i) is perhaps the most 


These results would not conflict seriously with an inter- 
pretation in terms of minor preferred states closely spaced 
and major preferences at wider spacing. Fig. 8(f) is for a 
still lower current drain which provided greater stability and 
results not dissimilar in character from those at higher 
current. 

Results for valve No. 3, given in Figs. 9(a) and (b) for two 
values of current, show similar preferred states at the higher 


. 8x 108A 
(f) 
Fig. 8. Results with valve No. 2. 
| (a) Vp = 90V. (CD) and (IID same run. (c) Aperture f/2:8 <x f/80. Vg= 67:5 V 
| (LV) and (V) same run () 40min. — (II) 42min. (IID) 40 min. 
(1) 90 min. Aperture £/80 « f/80. (IV) 54min. —(V) 50 min. 
| QD) 30min. Aperture f/5-6 x f/40. (d) Vz= 67-5V. 100 min. aperture f/11 x f/80 
| (III) 30 min. Aperture f/5:6 x f/40. 
(IV) 25min. Aperture f/2-8 x f/40. (e) Aperture f/2°8 x f/80. Vz = 67-5 V 
(V) 20min. Aperture f/2-°8 x f/40. (1) 20 min. (II) 30 min. (IID) 15 min. 
(LV) 20 min. (V) 20 min. 
(6) Aperture //2-8 x f/40. Consecutive exposures (f) Aperture f/2°8 x f/80. Vp=45V 
(1) 20 min. (I) 25 min. 


of 10 min. each. Vz = 90V 


impressive, though it is probably a matter of exposure which 
akes the lines stand out from the background; in (4) it is 


hought that the galvanometer may have spent a greater 
portion of the exposure time ‘“‘off scale,”’ so that an optimum 


spacing in the results (ID)-(V) which may best be noted from 


the edges of the traces. 
During a long run, valve No. 2 became more stable than 


asual and it was found possible to obtain Figs. 8(d) and (e). 
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current, at similar spacing to valve No. 2 in the same con- 
ditions. The lower current produces a trace similar to 
Fig. 8(c) but of slightly closer spacing. 

Valve No. 4 was only tested at Vz = 90 V (corresponding 
with the highest current drain). The preferred states were 
less marked with this valve, as shown in Figs. 9(a) and (0). 

Valve No. 6 at Vz = 67:5 V was initially thought to have 
no stable states but they were revealed at a substantially 
wider spacing against an almost level background in Fig. 11. 
BRITISH JOURNAL OF APPLIED PHYSICS 
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8xlOFA 


8xlO8A 
Fig. 10. Results with valve No. 4. Vz = 90V 
(1) 55min. Aperture f/11 x //80. 
(11) 23 min. Aperture f/2°8 x f/80. 


(IID) 30 min. Aperture f/2°8 x f/80. 
(IV) 17min. Aperture f/2:8 x f/80. 


Fig. 9. Results with valve No. 3. 


(a) Aperture f/2°8 x f/80. Vp, = 90 V. 
(1) and (iI) same run 
(1) 22 min. (II) 10 min. 
(b) Aperture f/2°8 x f/80. Vg, = 67:5 V 


30 min. 


——- 8x|O%A 


Fig. 11. Results with valve No. 6. 


(a) Vg = 67:5 V. All one run (b) Vg = 67:5 V. (1)-(VI) same run. 
(VID and (VIID) same run 


(1) 80min. Aperture f/8 x f/40. 


(I) 110 min. Aperture f/8 x £/40. (I) 15 min. Aperture f/2:8 x £/40. 
(111) 100 min. ‘Aperture f/5-6 x f/40. (1) 20 min. Aperture f/2-8 x f/40. 
(IV) 60 min. Aperture f/5:6 x £/40. (11) 20.min. Aperture f/2-°8 x £/40. 
(V) 50 min. Aperture f/5-6 x f/40. (TV) 20 min. Aperture f/2:8 x £/40. 


(V) 20 min. Aperture f/2°8 x f/40. 

(VI) 20 min. Aperture f/2:8 x f/40. 
(VID) 13 min. Aperture f/4 x £/40. 
(VII) 11 min. Aperture f/4 x f/40. 
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Chis valve behaves distinctively in its different runs and the 
jimilarity of patterns obtained within a run is in marked 
rontrast to the differences from one run to another. 

From the results certain general conclusions regarding 
pacings have been tabulated: 


\Valve No. 


Ve =90V Ve=67kV Vp=45V 
ioe 9 Se Ons — — zl 
BA X10 8 3° 1084" 2-3 > 10-8 Major 
Bo) 6-8 % 10-8. 210-8 — L preferred 
4 3-6 x 10-8 — — spacings 
6 — 3-6 « 1077 — 
1 23x 10-8 By La | 
2 amet aie = 2-5. ¢ 10-9 Minor 
3 LOR To) Se 10? = r preferred 
4 10-8 as — spacings 
6 — 1-2 « 10=7 — 


y 


| Values given represent order of magnitude only. 


| 5. DISCUSSION AND INTERPRETATION 

| ~ The experimental results are taken to prove that the cathode 
bf an electronic valve has definite preferred emission levels, 
and that these levels have characteristic distributions. The 
Fistribution can change for the same valve from run to run 
eS perhaps during a run but the general nature does not 
change. The tabulation of apparent preferred spacings seems 
s¢ indicate a fair similarity for valves 1-4 while valve 6 
<ppears to be anomalous in some respects. A wide spread 
$ not unexpected since flicker noise in valves is known to be 
very variable from one to another. 

| In addition to the points noted in connexion with the 
yshotographic results, there is a tendency for the patterns to 
nave intense lines at one or both sides. For the whole of 
Fig. 8, in 24 cases out of a possible 40, there is such an 
pecurrence, which may be interpreted by the drift in either 
direction being halted by the presence of a strong pattern. 
in many cases the range of drift takes the spot off scale so 
that it cannot be determined whether the end of the distri- 
bution coincides with an intense “‘line.”” Even for the wider 
‘fully on scale” distributions there is a taper in intensity 
-owards the edges due to a fall off in scatter from.the gal- 
yanometer screen,* which may hide the presence of an intense 
ine at the limit of excursion. 

Accurate regularity of spacings is not supported by the 
results, though there is a tendency, in Fig. 8(a) for example, 
for spacings of the same order to occur. However, the 
preference for particular emission levels is clearly indicated. 
| If the model on which the experimental work was based 
pehaved as a “‘perfect” rectangular emitting area, with m and 
m half wavelengths along and across the area, it would be 
ossible uniquely to specify the current by i(m,m) under 
constant field conditions. 

Furthermore, it may be seen, from consideration of any 
unit square of emitter surface, that the current drawn from 
it is unlikely to be directly affected by the standing waves in 
he other parts of the cathode, except for the interlocking of 
patterns. It is thought that the best choice of parameter for 
the polynomial is the number of half wavelengths per unit 


; 


| 

* The intensity response and the freedom of the galvanometer 
were simultaneously checked by applying a symmetrical 0-05 c/s 
triangular current waveform to the galvanometer. 
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length on the cathode. The polynomials will then refer to 
a unit square and will need to be multiplied by a.b. where 
a and b are the (rectangular) dimensions of the cathode, in 
order to obtain the total cathode current. If it is now 
assumed that the wavelengths in the two directions are 
substantially the same, then there is no reason why the 
polynomials should not be the same in which case: 


eer 
a.b.| a + a(;) + a(z)? ee | x 


ara() ta(G) +x © 


The wavelengths being approximately the same provides 
the condition: 


i(m, m) 


I 


I 


m 


_~ 


n 
Gob 
which may be used to show that: 


Cae Dae OL 


on nom bodm (6) 


Therefore the spacing of preferred emission levels for the 
two directions on the cathode should be in the ratio of the 
two dimensions. This, for the cylindrical cathode of the type 
of valve used, is a ratio of length to circumference of slightly 
less than 3. The postulated equispaced emission levels are 
indicated in Fig. 12 which shows a very small portion of the 


Current 


Fig. 12. Portion of postulated emission characteristics 


assumed characteristic of emission. The tabulated preferred 
spacings for major preferences and minor preferences have 
a ratio of the same order of magnitude as the dimensional 
ratio of the cathode. Thus the minor spacings could 
represent pattern changes along the cathode, and the major 
ones around the cathode. 

It is probably unjustified to pursue the interpretation on 
lines of perfect patterns, however, because there appears to 
be a reasonable case fer the introduction of partial patterns 
and irregularities in boundaries in order to explain practical 
phenomena. The evidence for the nature of the waves 
presented by Klemperer) indicates that the waves, on a 
strip cathode (rectangular), do not run exactly parallel with 
the sides, and that an antinode may stop short and the 
antinodes on either side may carry on, reducing their separa- 
tion to a half wavelength as soon as consistent with the 
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boundaries. It is suggested that the cathode does not behave 
in a manner obedient to exact regular patterns, but behaves 
in a sufficiently coherent manner that the overall pattern is 
consistent with local variations of emission properties and 
the local pattern changes they demand. The change of 
pattern in one region controls or tends to control that in 
another, and the present experimental results may best be 
interpreted as evidence of the coherence of pattern changes. 

In the foregoing interpretation in terms of change along 
and across cathodes (for cases of Cartesian symmetry) it is 
implicit either that the orthogonal sets of waves have the 
same frequency, but associated with a different mean trans- 
verse velocity of electrons or they have different frequencies. 
It seems quite likely that the two sets of waves could occur at 
slightly different distances from the cathode surface, so that 
changes of pattern result in changes of spacing from the 
cathode. Such a longitudinal movement of the pattern and 
the potential maxima and minima it imposes across the 
current flow can clearly control changes in current with 
constant electrode potentials. Thus a valve, with only one 
pattern permitted to exist in its virtual cathode, would have 
an emission characteristic corresponding with only one of 
the curves indicated by Fig. 12, while a valve in which the 
cathode surface was maintained under constant conditions 
(of temperature and contamination) would have a character- 
istic of the nature indicated by Fig. 13. 


Current 


Anode voltage 


Fig. 13. Postulated emission characteristic 


Klemperer has noted that change of electrode potential 
produces very great pattern changes, so that this is probably 
the overriding factor, while cathode surface conditions can 
modify the choice of pattern slightly. For the emission by 
part of a cathode, characteristics of which Fig. 15 is typical 
have been obtained,“ with slight variations in the applied 
potentials at which the steps occurred. 

Taking Klemperer’s figures for wavelength, the expected 
order of An/n is, say, 1/50 (for An = 1); while the values of 
Ai/i for major preferred spacings are in the neighbourhood of 
1/5000, indicating that the virtual cathode compensates to a 
large extent for the imposed change; a familiar process in 
electronic cathodes. 


6. RELATIONSHIP BETWEEN PATTERN 
CHANGES AND NOISE 


Since the effect of standing waves on the cathode emission 
is shown to be a control of current by specific patterns, noise 
assumes importance. The patterns do not change infinitely 
slowly, and therefore, when they change, they are associated 
with a current transient. It is believed that this type of noise 
is in fact “flicker effect,’@—>) which, briefly, has been 
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explained as the occurrence of singularities in the cathode | 
coating, which emit streams of electrons in bursts. This f 
argues that the singularities are intermittent. The standing } 
wave pattern structure modifies the picture, by adjustments. it 
of pattern to conform with a slightly greater supply of 
electrons from any part of the cathode. Thus a small streamer, 
feeding the virtual cathode, could affect the whole pattern, | 
and alter the emission from the whole virtual cathode. It is | 

not then necessary to assume that local streams of electrons: 
break through the virtual cathode to provide the whole of 
the flicker noise current from isolated individual regions. 

Recent work on flicker effect in valves has been of a 
statistical nature based on the generally accepted theory that; 
bursts of electron emission occur at random, with random @ 
location, and with a probable time interval determined by 
impurity content of the emitter. Experimental work,@—!% 9 
has measured the spectral noise distributions and magnitudes 
in relation to emitter variations, and theoretical work“! 17), 
has endeavoured to combine the random phenoma suitably, 
to explain measurements. Another area of investigation is 
offered by the proposed insertion of an intermediate § 
mechanism between emission from the cathode and departure H 
from the virtual cathode. 

The qualitative application of fae mechanism to explain ‘B 
flicker phenomena appears to simplify interpretation. 

For example, the partition components of flicker noise in| 
pentodes“!3) have been explained on the assumption that the 
patches of excess emission are small compared with the 
diameter of the screen grid wires; the corresponding explana- ff 
tion would only require that the wavelength of the standing 
wave pattern is small compared with the wire diameter. ' } 
Again“4) the discovery of predominant lines in the spectral 
distribution of electrons may be explainable by the retention } 
in the pattern of electrons with a particular velocity, and the f 
break up under pulsing into several lines by the transient’ 
manufacture of new patterns which are different in different 
parts of the cathode. 

van der Ziel“5) indicates clearly that there are good i 
theoretical grounds for expecting flicker noise to be less in | 
valves with larger cathodes, and refers to experimental 
comparative difficulties, which have prevented the proper: 
measurement of any improvement. Interactions extending 
across the cathode through the space charge, are, in the ff 
author’s opinion, responsible for the aggravation of flicker 
effect in larger cathodes so that no improvement is realized. | 
In fact, it appears necessary only to dissociate larger cathodes ff 
into multiple emitting areas, whose virtual cathodes cannot: 
couple with one another, in order to achieve reductions in. 
flicker noise consistent with theory. 

The experimental results would provide, for a chanel 
between major preferred currents, a current transient of the 
order of 2 x 10-7 A, equivalent to some 60 V at the grid ff 
of an average valve; a value consistent with the results of 
Harris and Bishop. (10) 


7. CONCLUSION 


From the experiments performed, it is concluded that. 
when the standing wave patterns in the space charge of the 
virtual cathode of a valve change, they do so in a manner. 
determined by the local variations of emission properties and f 
by the boundary conditions of the cathode. It is also co: 
cluded that each pattern is associated with a voted 
current characteristic, so that a valve can have several 
preferred emission levels for constant applied 7 
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Therefore, the instability of standing current in a 
Jalve is aggravated by the extension of pattern changes 
{cross the cathode. 

It is suggested that the mechanism of flicker effect is related 
standing wave pattern changes, in sucha way that the bursts 
bf local emission from the coating modify the pattern, and 
ence the current drawn from the cathode suffers a transient 
fhange. This mechanism appears to offer a satisfactory 
fxplanation of some well-known anomalies. 
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APPENDIX 


In Fig. 1 a change, di, of current in the valve produces a 
change, Ai, in the galvanometer, and Ai, in the 50000 Q 
upper bridge arm. Aj, passes through this arm and the 
battery (zero impedance) and Aji, passes through the gal- 
vanometer and the 100000 and 200000 Q resistors in parallel. 
Hence: 

iy 4 


7Ai 
pee doe ee 
INT EPS ho ea acters 
The valve current change is 7/3 times the galvanometer 
current change. 


Assuming the approximate obedience of a 3/2 power law 
i= KV}? 


The valve current and voltage are approximately defined 
by the bridge balance conditions: i = 600 wA, V, = 60 V, 
giving K = 1:29 x 10~° (amperes x volts~32), 

Bridge impedances also define the change in anode voltage 
associated with di: 


AV, = —5 x.104 Ai, ~ 2-85 x 104 8: 


Oi therefore causes in the bridge circuit an effective change in 
K by AK where AK/K = 23808i = 5556Ai, which is the 
proportional change in K in terms of the galvanometer 
current change, when the bridge voltage is 90 V. 

It is also possible to calculate the change in valve current 
(di|,) which would occur under constant anode voltage 
conditions: 


: Ol i : ; 
oil, = a AK = 2380i6i = 1:43i = 3-3Ai, 


Hence the galvanometer change of current is 3/7 of the 
valve change, the voltage change associated is —28 000 times 
the valve current change, the constant of the assumed 3/2 
power law is 1:29 x 10~°, and the constant anode potential 
equivalent current change is 1-43 times the change in the 
bridge circuit and 3-33 times the galvanometer change. 
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The deposition of thin films of gold on cylindrical specimens 
by sputtering | 
By F. R. Liesetr, Ph.D.,* Davy Faraday Research Laboratory, The Royal Institution, London, W.1 


[Paper first received 19 April, and in final form 16 September, 1955] 


Apparatus and procedure are described for the deposition of very uniform thin films of gold 
The effect of the geometry of the sputtering chamber is 


examined. Over-heating of the specimen is obviated by a simple device. y 


on cadmium wires of 1 mm diameter. 


In a programme of research upon the effects of surface con- 
dition upon the mechanical behaviour of metals it was found 
necessary to deposit thin films of gold on cadmium single 
crystals of 1-0 mm diameter. After a series of experiments a 
simple technique for coating the specimens by cathodic 
sputtering was developed. The films were quite uniform in 
thickness and the sputtering process was, within wide limits, 
independent of the electrical arrangement of the sputtering 
chamber. The results obtained may be of use in other fields 
of research. 

Although the sputtering phenomenon was discovered over 
a century ago, the mechanism by which the transfer of 
material takes place is not yet completely understood.“ On 
the other hand a considerable number of empirical results 
have been amassed?) which make possible the design of 
apparatus for certain purposes. 

In designing the present apparatus a formula derived by 
Townes®) was found to be of practical use. The formula 
gives the rate of deposition of material between concentric 
spherical or plane-parallel electrodes. For a given gas and 
given current flowing between the electrodes it may be 
expressed in a simplified form as: 


J = constant/pD 


where J = mass of material sputtered per unit time, 
p = gas pressure, 
D = anode-cathode distance. 


The value of the constant depends upon the nature of the 
gas, the material being sputtered, and the current flowing. 
The formula should hold, at least approximately, for any 
sputtering arrangement with simple geometry, and this was 
found to be the case in the present experiments. 


EXPERIMENTAL ARRANGEMENT 


A diagram of the form of sputtering chamber used is given 
in Fig. 1. The chamber consists essentially of a cylinder of 
glass tubing, of such a length as to leave about 4 in. between 
cathode and anodes, on the inside of which a gold foil cathode 
was held by washers and bolts. The outside of the glass 
tubing was covered with earthed lead foil in order to prevent 
undesirable discharges, and the negative high tension lead to 
the gold foil was passed through glass tubing wrapped with 
earthed copper wire similarly to prevent undesirable dis- 
charge. The anodes and the belts holding the gold foil in 
place were of aluminium or steel, in order to eliminate 
undesirable sputtering. 

In the experiments upon the method of sputtering, a poly- 
crystalline wire of cadmium was used in place of the crystals. 
Before being placed in the sputtering chamber the wire of 


* Now at Division of Radio and Electrical Engineering, National 
Research Council, Ottawa 2, Ontario, Canada. 
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1-0mm diameter was carefully cleaned with Silvo and 
benzene and rolled straight between two pieces of plate} 
glass separated from the wire by clean pieces of paper. In, 
the first few experiments the wire was connected electrically jf 
to the anodes. This was found to heat the wire excessively, 


glass insulator cadmium wire Imm diam. | 


aluminium or steel anode 


ae 
J glass tubing 
negative yw 
Bl gold foil 
Ain cathode 
lead foil 
shield 


SINE 


ALA, 


Fig. 1. Diagram showing the arrangement of the sputtering 
chambers 


and in one run it actually melted. The wire was subsequently 
insulated from the anodes by small glass insulators made from It 
Pyrex tubing, the actual discharge taking place between the | 
anodes and the gold foil. It might be expected that with jj 
this electrical arrangement deposition would be uneven and ff 
that the heaviest deposit would be found at the ends of the ff 
wire near the electrodes. In practice, however, it was found ff 
that the reverse was true. Gold was deposited extremely - 
uniformly over the middle portion of the wire and the thick- {f 
ness of the deposit fell off near the anodes. | 

Before sputtering, the vacuum system containing the 
chamber was outgassed at a pressure of less than 0-1 yw for 
at least one hour. During sputtering the pressure of the 
residual air was adjusted by means of a needle valve. A trap ; 
of solid carbon dioxide removed water vapour from the air | 
admitted. In order to obtain the maximum rate of sputtering, | 
the pressure, as required by the equation, was kept to the 
minimum adequate to start the discharge, 10 w in the case § 
of 14in. diameter chambers. In order to minimize heating 
of the chamber and wire the sputtering voltage was similarly — 
kept to the lowest value which would maintain the discharge, » 

50 V for 14 in. diameter chambers. ¥ 
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| was independent of the chamber diameter. 


The deposition of thin films of gold on cylindrical specimens by sputtering 


RESULTS 


For short times of sputtering, of about two to thirty 
minutes, the gold films deposited on the cadmium wire 


| Showed the beautiful interference colours typical of thin films. 


From the appearance of these films it was easy to determine 
both the circular and longitudinal symmetry of the films. 


|The circular symmetry, except in the case of two chambers 
| mentioned below, was excellent, and no non-uniformity of 
i deposition could be detected even for the thinnest of films. 
| The longitudinal symmetry was also very good. A con- 
| siderable length of the central portion of the wire was covered 


with a highly uniform film. The region of the end of the 
wire over which the thickness of the film decreased was quite 
short and could be judged by the interference colours to be 
no more than an inch in length. The anodes and glass 


/ separating the gold foil cathode from the anodes soon became 
; coated, and had to be cleaned periodically. For longer times 
of sputtering the film became a bright blue-black colour, and 
eventually a dull blue-black. 


The effect of the sputtering chamber geometry is shown in 


Fig. 2, in which the results obtained from six chambers are 


plotted. It should be observed that the central length of the 
: 16 
is 
seh Ne 
Se le 
D 
ro) 
i>) 
» 8 
2 
6 
if 4 
Ps 
; @ 
Bed, 


Length of gold cathode (in) 


Fig. 2. Length of the cadmium wire covered in the sputtering 


chambers as a function of the cathode length 


o = 13 im. diameter sputtering chambers 
x = 3 in. diameter sputtering chambers. 


Each point in the graph was obtained with a separate chamber. 


wire, on which the deposition of the gold was highly uniform, 
The total length 
of wire contained in the sputtering chamber was covered, 


/ even though this was greater than the length of the cathode. 


The linear relationship found indicates that the sputtering 
takes place uniformly along the length of the gold cathode. 
The rate of sputtering was greater for the 14 in. than for the 


/3in. diameter chambers, a result to be expected from the 


equation. 
Sputtering was also carried out in two other chambers, the 
results from which are not shown in Fig. 2. The first of these 


| was of 3 in. diameter with a cathode length of 10 in. It was 


found that the uniformity of the film in this chamber depended 
critically upon having the cadmium wire centrally located, 
and varied with small non-uniformities in the bore of the 
glass tubing. The second chamber was 14 in. in diameter 
with a cathode 234 in. long. It proved nearly impossible to 
centre the cadmium wire in this chamber without devising 
special cathodes, because of the bending of the wire during 
insertion into the chamber. The few experiments with these 
chambers were nevertheless of value. Qualitatively the 
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results were in agreement with those obtained with the 
previous chambers, and the results with the $in. diameter 
chamber showed that for. diameters less than 14 in. the 
uniformity of the film thickness depended critically upon the 
geometrical uniformity of the chamber and specimen. 

The foregoing experiments made possible the design of a 
sputtering chamber for use with cadmium crystals which 
would cover the specimen with a highly uniform coating of 
gold and, at the same time, not require critically accurate 
construction. The diameter of this chamber was fixed at 
14 in. and the cathode length at 3 in. Some further experi- 
ments were carried out with this chamber in order to deter- 
mine the thickness of the films deposited and the temperature 
during the course of sputtering. 

To determine the rate of sputtering pieces of nickel-steel 
wire were ground and polished flat on two surfaces in such a 
way as to have very nearly the same periphery as the | mm 
cadmium wire. Strips of Frigilene, a cellulose compound 
obtained from W. Canning and Co. Ltd., were painted on 
parts of the wire, and sputtering was then carried out. After 
sputtering the Frigilene was dissolved in acetone applied 
gently with a brush. This left a surface which was partially 
coated in which the transition between coated and uncoated 
areas was quite sharp. It was found that an abrupt step of 
height equal to the thickness of the sputtered layer could thus 
be prepared. 

The height of this step was then determined interferomet- 
rically. The wire was placed beneath an optical flat in a 
Vickers projection microscope and illuminated with mono- 
chromatic light from a sodium lamp. The interference fringes 
produced were displaced by the steps on the wire, and the 
height of the steps could be calculated from the displacement 
of the fringes. 

The temperature attained by the specimen was measured 
approximately by substituting a thermocouple for the wire 
in the chamber used for the single crystal investigation. A 
copper-constantan thermocouple made from no. 18 s.w.g. 
wires was used, and the electromotive force with respect to 
an ice-bath reference junction was measured by means of a 
potentiometer. The temperature rose sharply to about 55° C 
after the start of sputtering, but during the course of runs up 
to half an hour long it never exceeded 65° C. The thermo- 
couple temperature dropped to 30° C within a few minutes of 
switching off the sputtering voltage. 

The results for the sputtering chamber of 14 in. diameter 
and 3 in. length are summarized below. 


Diameter of sputtering chamber, 14 in. 

Length of sputtering chamber, 3 in. 

Diameter of specimen, 1-0 mm. 

Residual gas, air. 

Pressure, 10 pw. 

Voltage, 350 V. 

Current, 10 mA. 

Approximate rate of deposition, 3000 A/h. 
Maximum temperature (of thermocouple), 65° C. 


It was found that sputtering offers a satisfactory means of 
producing uniform films of gold on small cylindrical speci- 
mens. The fact that the deposition is to a large extent 
independent of the sputtering chamber greatly adds to the 
convenience of the method. 
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irradiation of uranium 235 


By D. H. Perrson, B.Sc., F.Inst.P., Atomic Energy Research Establishment, Harwell, Berks. 


[Paper received 12 August, 1955] 


The fission products from uranium 235, irradiated by slow neutrons, have been analysed by a 


two-crystal y-ray scintillation spectrometer. 


The spectrum between one day and seventy days 


after irradiation has been recorded. The gross spectrum varies with time and consists of two 
groups of lines around 0-2 and 0-7 MeV, with a single line at 1-58 MeV as the only important 
component above | MeV. By measurement of energy and decay rates seventeen activities, due 


to fission products of high yield, are identified during the period of analysis. 


The spectrometer 


is described and its use as an analytical tool in other applications indicated. 


1. INTRODUCTION 


The gross y-ray spectrum of fission products may be derived 
by calculation“) for varying conditions of irradiation. For 
example, the yields of fission products obtained by radio- 
chemical determination®) may be converted to activities for 
any time after irradiation.4) The activities of the fission 
products may be converted to y-ray intensities from a 
knowledge of the decay schemes) of the appropriate nuclides. 

The present paper describes a direct measurement of the 
y-spectrum of fission products from uranium 235, irradiated 
by slow neutrons. The fission product source, unseparated 
by chemical processing, is measured by a two-crystal y-ray 
scintillation spectrometer. In this spectrometer, the 
Compton continuum, due to each y-ray energy, registered 
by a sodium iodide (thallium) crystal is removed by sub- 
traction of the continuum registered by an anthracene crystal: 
Thus, apart from absorption by pair production, which 
becomes appreciable above about 2 MeV, each energy is 
represented only by a photoelectric peak in the recorded 
spectrum. 

The intensities and energies of the major lines of the gross 
y-spectrum may be derived from calibration of the sodium 
iodide crystal. Isotopic analysis of the mixture of fission 
products is possible through identification by energy and, 
using a series of spectrometer measurements at appropriate 
intervals, by growth and decay rates for the nuclides emitting 
these major lines. Essentially these will be due to products 
of high fission yield and will mask the weaker lines of the low 
yield fission products. 


2. THE SCINTILLATION SPECTROMETER 


As demonstrated by Hofstadter and McIntyre the 
scintillation spectrometer using a sodium iodide crystal 
identifies the incident y-ray energy with the response to the 
photoelectric, Compton and (when energetically possible) 
with the pair-production processes within the crystal. In 
sodium iodide the photoelectric cross-section is predominant 
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below about 0-2 MeV and the pair-production process % 
In the energy @ 
range 0:2 to 2 MeV the photoelectric and Compton processes & 
Thus the recorded spectrum in this # 
important range is complicated by the two-fold response of 6 


becomes appreciable above about 2 MeV. 
are in competition. 


the spectrometer to each y-energy. 


Several methods of selection in favour of one of the two jy 
processes are available which simplify the interpretation of 


the spectra when a source emitting several y-energies is 


analysed. Use of a sodium iodide crystal of large dimensions } 
enhances the photoelectric or total energy peak at the expense @ 
of the Compton energy continuum, due to capture of the © 
Substitution of anthracene, essentially a 
Compton absorber, for the sodium iodide crystal removes | 
the photoelectric peaks; the y-ray energy can then be roughly jf 
estimated from the poorly defined edge of the Compton ff 
A two-crystal coincidence spectrometer has 
been reported by Hofstadter and McIntyre.) In this method, 6 
the energy absorbed by the Compton encounters which §& 
scatter the incident rays through a defined angle is measured. 6 
A method has been described by Albert in which the jf 
quanta scattered by a small sodium iodide crystal are detected } 
in a surrounding mass of sodium iodide, and the pulses due i 
to the corresponding Compton electrons in the crystal are # 


scattered quanta. 


continuum. 


cancelled by anticoincidence. 


In the two-crystal spectrometer described here the y-ray = 
source is exposed simultaneously to sodium iodide and 
The Compton continua — 
from the two crystals are equalized in height (counting rate — 
scale) and extent (energy scale), and then subtracted in — 


anthracene scintillation counters. 


suitable counting-rate circuits, so that each y-energy is 
represented only by a photoelectric peak in the recorded — 
spectrum. The method has the advantage of allowing good 
geometry and a high sensitivity with no loss in resolution. 
The simplest method of equalizing the Compton continua 
is to match the energy scales by adjusting the counter supply - 
voltages and the counting-rate scales by adjusting the 
position of the source between the two crystals. The former 


adjustment is made for one energy and will apply over the 
444 
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nge for which the pulse amplitude is proportional to energy 
both counters. The shapes of the continua will be matched 
the higher energies, but, owing to re-capture in the sodium 
|dide crystal of scattered quanta, i.e. additional total 
psorption at the expense of events registered as Compton 
rocesses, this matching will not apply strictly to the lower 
ge of energies. However, at these lower energies the 
mpton continuum is smaller in height relative to the 
otoelectric peak and overall the Compton continuum may 


P mo to less than 5% of the associated photoelectric 
ak. 
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Fig. 1. Recorded spectrum of caesium 137 
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Fig. 2. Recorded spectrum of lanthanum 140 


|The spectrum, of a mono-energetic source (caesium 137) is 
own in Fig. 1 and of a complex source (lanthanum 140) in 
ig. 2. 


3. APPARATUS 


The sodium iodide s and anthracene a counters have a 
mmon output connected to a pulse amplifier A, single 
annel pulse-amplitude analyser K, counting-rate meter R 
d pen recorder S. The variable bias potentiometer in the 
nalyser is coupled to the driving mechanism of the recorder 
nart. The apparatus is indicated schematically in Fig. 3. 

Duplication of the spectrometer for each scintillation 
yunter is avoided. The contacts of a relay switch driven 
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by a multivibrator circuit are used to suppress each photo- 
multiplier P in turn for 0-5 s by connecting the first dynode 
(D,) to the photo-cathode for this time. In the diode pump 
circuit of the counting-rate meter (see Fig. 3) synchronized 
switch contacts connect C; to C,so that C, receives negative 


i) 
a 


node 
[Fo 
iammc 


Ct 
B 


Fig. 3. Schematic diagram of two-crystal spectrometer 
showing modification of ratemeter pump circuit 


charges from the sodium iodide pulses and positive charges 
from the anthracene pulses. The net negative charge on C, 
is recorded in the usual way. The switching period of one 
second was chosen to suit a minimum integration time of 
ten seconds in the counting-rate meter. Use of a common 
spectrometer channel in this way reduces the effect of elec- 
tronic drifts in the apparatus. 

The sodium iodide counter is fixed rigidly on a base-plate 
to which is attached a vertical pillar marked with a graduated 
scale. The positions of the anthracene counter and a Perspex 
source platform, which are mounted on the pillar above the 
sodium iodide counter, may be adjusted against the scale. 
The dimensions of both sodium iodide and anthracene crystals 
used were 1 in. by 1-5in. diameter. The resolution of the 
sodium iodide crystal at 0-661 MeV was 9%. The thickness 
of the can adjacent to the incident face of each crystal could 
be increased to 4in. of aluminium to absorb high energy 
f-particles. 

The energy scales of the two counters are matched by 
adjustment of potentiometers connected across the common 
extra high tension supply. The voltage applied to the sodium 
iodide counter is limited by consideration of energy scale 
linearity; that applied to the anthracene counter is adjusted 
to suit. In the case of the photomultiplier tubes used (type 
6260, by Electric and Musical Industries Ltd.), the operating 
voltage was about 900. The first dynode in each counter is 
biased separately from the other dynodes by a potentiometer 
which could be set for maximum pulse amplitude at the anode 
of the counter. 

The sodium iodide and anthracene crystals both exhibited 
a negative temperature coefficient of pulse amplitude. Around 
room temperature these were measured as 0-1% per °C and 
0:5% per °C respectively. This difference can result in a 
mismatch of the energy scale compensation, noticeable if the 
temperature in the neighbourhood of the counters changes by 
more than 5° C. 

The customary settings of the principal controls of the 
spectrometer were as follows. The pulse amplifier, which 
was capable of delivering a linear output of 50 V into the 
pulse amplitude analyser, was operated with a gain adjustable 
between 500 and 2000 and a differentiating time constant of 
0-8 ys. In the analyser the discriminator bias “sweep” was 
50.V and the channel width | V. Each bias sweep occupied 
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most of 1 ft of chart in the Honeywell-Brown recorder. A 
recording period of 0-5 h would correspond to an integration 
time in the ratemeter of 10s. Proportionately longer periods 
were used for alternative integration times of 40 and 160s. 


4. METHOD 


The respective abundances and cross-sections of uranium 
238 and uranium 235 are such that irradiation of natural 
uranium by thermal neutrons leads to temporary obliteration 
of the low energy portion of the fission product spectrum 
from uranium 235 by the intenser radiation of X-rays and 
y-rays from an activation product of uranium 238, namely 
2:3 day neptunium 239. For this reason uranium fifty times 
enriched in uranium 235 was chosen as the source material: 
0-006 g sealed in silica tubing was irradiated for 20 min by 
a flux of 10!2 neutrons . cm~?.s~! in the Bepo reactor. 

The measurement of the y-ray spectrum commenced at 
seventeen hours after irradiation and was repeated at intervals 
appropriate to the fastest decay rate present. At the start 
this implied almost continuous recording but after two 
months the intervals had been increased to about fifteen days. 
Each measurement consisted of three records covering the 
ranges 0-2-2, 0-1-1 and 0-05-0-5 MeV, which were selected 
by switching the amplifier gain control. A typical record 
in the 0-1-1 MeV range is shown in Fig. 4. The energy 


2 


channel 


80 width 


20 


e453 13! 
0:29 0:35 


Counts per second per channel width 


Energy (MeV) 


Fig. 4. Spectrometer record 


Time after irradiation, 206h; energy sweep, 0-1-1:0 MeV; 
ratemeter integration time, 40 s; recording time, 2 h. 


of the photoelectric peak is measured by calibration of the 
spectrometer with y-ray sources of known energy. The 
indefiniteness of a pair of peaks such as is shown at 0:29 
and 0:35 MeV in Fig. 4 is temporary. These peaks are 
clearly resolved in time and energy by inspection of records 
taken before and after that of Fig. 4. The 0:29 MeV peak 
is dominant before and the 0:35 MeV peak dominant after 
206h. This method of interpretation may be applied to 
most pairs of peaks of similar energies. In the absence at 
the time of an overall sensitivity calibration for the spectro- 
meter, no attempt was made to establish fixed and reproduc- 
ible source-counter geometry throughout the series of 
measurements. Instead, all other peak heights were measured 
relative to the well defined 1:58 MeV peak of lanthanum 140 
from ninety hours onwards, by which time it had risen to a 
measurable height. The growth and decay of the lanthanum 
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140 peak was calculated from the known fission yields an| 
disintegration data‘) of the 140 mass chain. 


5. CRYSTAL DETECTION EFFICIENCY 


An exact determination of the photoelectric detect 
efficiency of the sodium iodide crystal is complicated by th i 
dependence of the efficiency upon the energy of the y- -radiatio is 
and upon the source- -crystal configuration. Thus pulse 
occurring in the photoelectric or total energy peak arise ncj— 
only from quanta absorbed solely by the calculable phote 
electric process but include, in addition, scattered quant 
which have been recaptured before escaping from the crystay 
Also, for source-crystal distances that are finite, the effectiv 
solid angle subtended by the crystal decreases with increasin 
energy, i.e. low energy radiation is absorbed close to th). 
incident face whilst high energy quanta are absorbed withi}h 
the volume of the crystal. The problem has been studie 
fully by Lidén and Starfelt@® and by Heath and Schroeder.@ ff 

To simplify and to shorten the computations involved - i 
reducing the numerous data obtained in the present series Cf 
measurements, the following method of calibration for th 
sodium iodide crystals was used. In Fig. 5 curve 4 


= 


O-lk 


Photo-peak height efficiency (arbitrary units) 


OIL stead 
Sica) Ol | lO 


Energy (MeV) 


Fig. 5. Energy characteristic of sodium iodide crystal, ’ 

lin. X 1:5in. diameter. Source-crystal distance, loom 
(1 — e~¥()P) represents the total absorption due to primar 
processes in the crystal, for normal incidence. The tota 
y-absorption coefficient p(E£) at energy E in the crystal i 
derived from tables by Davisson and Evans“2); D is ‘th 
thickness of the crystal. The fraction of pulses occurring it 
the photoelectric peak at any energy is determined experi 
mentally by recording the spectra of several separati 
y-emitters of known decay schemes with energies betweer 
0:1 and 2:8 MeV, using a source-crystal distance of lcm 
The fraction is given by the ratio of the area (Sp) under ths 
photoelectric peak to the total area (St), under the spectro. 
meter curve. Then the product of the total absorptior 
curve A and this fraction gives the photoelectric absorptior n 
curve B of Fig. 5, namely: 


o oF Sonar 


counter in practice follows a Gaussian distribution, the ati 
under the peak is proportional to the product of the heig 
and width of the peak. The peak width, at one-half the peal 
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ight, is proportional to the standard deviation of the 


lative photoelectric peak height efficiency, curve C of Fig.5; 
iven by 


(1 — e7¥)P)(Sp/S1)(1/E3) 


6. RESULTS 


The variation of the height of peaks of the various energies 
jplotted in Fig. 6 against time after irradiation. Each peak 
juld be observed and plotted until it disappeared into the 
seline or became merged into the side of a neighbouring 
ak. Such a succession is drawn as a single line with the 
ergy transition shown by a discontinuity. The transition is 
faracterized by an indeterminate energy during the period 
nen the two peaks are comparable in height. The points 
| measurement for the 0:25-0:23 MeV line are included in 
z. 6 as representative of the scatter in the observations. 
S heights may be converted into y-ray intensities by 
Widing by the crystal energy calibration factors given by 
ive C of Fig. 5. In this way a series of line spectra are 
awn for various times after irradiation. These are shown 
re 7. The intensity scales are adjusted to disintegrations 
fr minute per 10° fissions, after normalizing to the activity 
|mputed for lanthanum 140 by Hunter and Ballou. 
| 
| 


7. DISCUSSION OF RESULTS 


identification of activities is possible through energy by 
Ference to the literature,©) supplemented by measurement 
Separated pure sources, and through build-up and decay 
bes. The latter were derived from the computed tables of 
inter and Ballou.@) In fact, precise assignment at any 
ine after irradiation is often complicated by the presence of 
ighbouring energies too close for adequate resolution by 
b sodium iodide crystal. For this reason assignment is 
hde to the major components in Figs. 6 and 7 and the 
iobability of identification A, B and C is listed in Fig. 6 in 
iscending order of certainty of energy and decay rate. 

ission yields may be compared by reference to the decay 
hemes of the nuclides. In the case of a nuclide having a 
implex decay scheme agreement with published yields is 
jected by any uncertainty in the branching ratios, and, 
irticularly for the lower energies, in the internal conversion 
efficients. Overall, the curves of Fig. 6 are reasonably 
sistent with the fission yields adopted by Hunter and 
lllou.@) Agreement in the case of technetium 99m, cerium 
1, iodine 133, ruthenium 103, niobium 97, iodine 132, 
ybium 97m, zirconium 95 and niobium 95 would be made 
ser by reducing by 20% the fission yield for lanthanum 140 
das the normalizing activity. For the remaining activities 
traction of a unique value of fission yield is difficult because 
the complexity of the spectra or of the uncertainty of the 
cay schemes. The only obvious disagreement occurs in the 
e of xenon 133 (0-08 MeV) which has been tentatively 
igned to the peak measured as 0:095 MeV. During the 
st 300 hours this peak is registered at a height greater than 
n be accepted. Apart from a systematic error in the 
paratus a possible explanation is that the xenon 133 peak 
subjected to interference from the approximate 0-1 MeV 
ray peak from 2:3 day neptunium 239 which arises from 
utron activation of uranium 238 (see Section 4). Neptunium 
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239 activity corresponding to a peak height at this energy of 
about 300 (scale of Fig. 6) at 50h would account for this 
anomaly. After allowing for this amount of interference the 
peak height at 50 h for xenon 133 would be about 120 which 
improves the agreement with the parent activity iodine 133 
recorded at 0:53 MeV. However, not more than one-half of 
the required neptunium 239 activity can be expected from the 
known cross-section of uranium 238 and the uranium 235 


enrichment factor. 


1000 


lOopoees 


Peak height (arbitrary scale) 
6) 


‘10 100 
Time after irradiation (h) 


IOOO 10 OOO 


Fig. 6. Recorded spectra from fission products of 
uranium 235 irradiated by slow neutrons 


Energy (MeV) Assignment Certainty 
0:09 147Nd B 
0-095 133Xe + 239Np G 
0-145 Cora A 
0-145* 141Ce A 
0-23 132Te B 
ODS 135MCsg A 
0:29 143Ce B 
0:35 131] B 
0-49 140La B 
Onpsil 103Ru B 
Ons3 133] A 
0-68 132] B 
0:69 9TNb B 
0:75 9T™NIb B 
OP Tey: 299Mo A 
LTT 95Zr + 95Nb B 
1:58 140La B 


Experimental errors. The errors considered in this section 
are associated with backscatter, crystal efficiency and energy 
resolution. The magnitude of these and other errors has been 
estimated theoretically by Lidén and Starfelt.¢ . 

The effect of backscatter is demonstrated in Fig. 1 where 
the broad low energy peak is due to y-radiation scattered 
back mainly from the photomultiplier window below the 
sodium iodide crystal, but also from the anthracene counter. 
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The energy of caesium 137 (0-661 MeV) radiation scattered 
through 180° is 0-185 MeV according to the Klein—Nishina 
formula. For the range of primary energies 0-1-2 MeV the 
corresponding energies for 180° backscatter are 0:08— 
0-226 MeV. The height of the backscatter peak in Fig. 1 is 


22 


Intensity d.p.m. per 10° Fission 
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Fig. 7. Spectrum of y-ray intensities at pl 
a 


(a) 1 day after irradiation, (b) 2 days after irradiation, (c) 10 days after irradiation, (d) 50 days after irradiation. 


20% of the primary peak and is, of course, dependent upon 
the geometry of source and counters. In terms of y-intensity, 
the height of the backscatter peak, from Fig. 5, is approxi- 
mately 2% of the primary peak. By calibration, errors due 
to backscatter could be estimated over the whole energy 
range and applied as corrections to the peak heights of Fig. 6 
or to the y-intensities of Fig. 7. The correction due to each 
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primary peak intensity at the appropriate backscatter energ) 
is of the same order as for the case of caesium 137 cited above| 
In view of the magnitude of errors arising from other cau ei 
Figs. 6 and 7 have not been so corrected. ae 

The problem of accurate calibration of the detection 
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efficiency of the sodium iodide crystal is discussed in 
Section 5. Thus, whereas the absorption coefficient data o 


of lcm. After conversion from peak area to peak heights, | 
the resultant calibration is then applied to the series of 


a 


jneasurements of fission spectra over a range of source-crystal 
distance from 4 to 0:5 cm, following the decay in activities. 
Wor the size of crystal used (1 in. x 1-5in. diameter), the low 
Pnergy response will tend to decrease slightly, relative to the 
nigh energy response, with increasing source-crystal distance. 
i The conversion of the calibration from peak area to peak 
neight (curves B and C of Fig. 5) involves the proportional 
elationship between peak width and the square root of 
gpnergy. The statistics of the scintillation spectrometer have 
pen reviewed by Breitenberger“3) who showed that the 
elation is applicable to ideal conditions. In practice, various 
Bhactors may contribute to broadening of the peak in a manner 
Independent of the square root relation, notably a varying 
Pificiency of “‘transfer’’ of the scintillation photon, from the 
rystal on to the first dynode. For the crystal used in this 
ork the square root law was confirmed by measurement of 
he peak width, with an uncertainty of 10 Yo, up-to 1-6 MeV. 
_ Assuming a Gaussian distribution it can be shown that the 
ise of channel widths in the pulse-amplitude analyser greater 
fan one-third of the peak width (at half maximum) can 
atroduce appreciable broadening of the peak with consequent 
oss of peak height. Reduction of the channel width below 
3 V would have introduced significant instability, owing to 
4 erifts in the discriminator levels. The error due to broadening 
§>* the low-energy peaks was avoided by recording the whole 
Pmergy region in separate ranges as described in Section 4. 
+n this way the channel width, fixed in voltage but varying in 
nergy with the amplifier gain is adjusted to accommodate the 
arrow low energy peaks. 
¥; After assessing the effect of the several sources of error it 
5 considered that, generally, the accuracy of measurement of 
y-ray intensity is better than +10°%%. Included in this estimate 
Is the effect of incomplete compensation of the Compton 
@eontinua which depends to a large extent on the precision of 
djustment of counter voltage and position. 

As a check on the accuracy of the calibration, the y-spectra 
rom lanthanum 140, as illustrated in Fig. 2, and from 


The relative y-ray intensities for lanthanum 140 
are shown in Table 1. 


Table 1. Relative intensities for lanthanum 140 
nergy (MeV) 1-58 0-91 0:82 0-49 0-33 
Author 100 13 24 34 10 
annerman and 
§\ others 100 — 29 39 5 
Vcoleman™) 100 (hil ae 4b OP ae byor Uke Sets Psye Alo) 


(he spectrum for uranium 237 (y-ray and X-ray) is given in 
Hiable 2. 


Table 2. Relative intensities for uranium 237 


F nergy (MeV) 0-062 0-102 O22 Sime 0 334: 
Author 84 100 46 4 
WVagner and others?) 70 100 40 5 


8. CONCLUSIONS 


| The gross y-ray spectrum from the fission products of 
uranium 235, studied from one day to seventy days and for 
‘nergies from 0-05 to 2 MeV, shows considerable complexity 
und varies with time. The spectral pattern consists of two 
kroups of major components, which are roughly centred 
bout O:2 and 0:7 MeV. The only important line above 
| MeV is that due to lanthanum 140 (1:58 MeV) which 
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reaches a maximum activity at six days. The two groups are 
of similar intensities until about fifty days when the zirconium 
95 activity at 0-77 MeV becomes predominant. The effect of 
the neutron activation products of uranium 238, which will! 
arise in the irradiation of natural uranium, would be to 
introduce low-energy components temporarily of over- 
whelming intensity. This will be reported in a later paper. 

The y-ray spectra were recorded by a two-crystal scintilla- 
tion spectrometer without previous chemical separation of 
the individual activities, and are unaffected by the uncer- 
tainties due to self-absorption that occur in B-ray assay. 
Measurement of energy and of growth and decay rates permits 
identification of the nuclides emitting the major ‘y-ray lines. 

The two-crystal scintillation spectrometer described in this 
paper has been applied to activation analysis where a mixed 
sample of stable elements is rendered active by neutron 
irradiation and thereby susceptible to y-ray analysis. Thus 
minute quantities of impurity are detected with a sensitivity 
dependent upon the activation cross-section and disintegration 
rate. in view of the selective determination of energy and 
half-life by the spectrometer, no chemical processing is 
necessary. 

The two-crystal scintillation spectrometer could be applied 
to the measurement of the energy spectrum of secondary 
y-radiation in a scattering medium, such as air or a concrete 
radiation shield. This problem has been investigated theo- 
retically by Spencer and Fano“7) and experimentally by 
Whyte.(8) 
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NOTES AND NEWS 


Correspondence 


Conditions for aperiodicity in linear systems 


I should like to make the following comment on the paper 
by Mr. A. T. Fuller, published on p. 195 of the June 1955 
issue of this Journal. 

For third-order equations it is possible to check the 
criteria given, from the known explicit algebraic solutions, 
and it will be found that if the criterion given by the highest 
order determinant is satisfied, in this case, then the criteria 
given by the lower orders are necessarily also satisfied, as all 
the coefficients are positive. It is well known that this also 
occurs, for low-order equations only, in the case of the 
Routh stability criteria. 

On evaluating a determinant of order (2 — 1), to obtain 
the criterion for an nth order equation, a most cumbersome 
algebraic expression is obtained. The value of the criteria 
as given is that no such algebraic evaluation is necessary or 
desirable. In practical application of the criteria, numerical 
values of the coefficients are inserted in the determinants, 
which can then be readily evaluated by one or other of the 
special methods of condensation;* it would be interesting to 
know if, alternatively, a routine analogous to the Routh 
tabulation could be evolved for aperiodic systems. 


Department of Engineering, R. H. MACMILLAN 


University of Cambridge. 


To do full justice to the points raised by Mr. Macmillan 
would require another paper; however the following com- 
ments may be of interest. 

Mr. Macmillan’s remark may be generalized for third- 
order equations, by stating that the lower order determinant 
is redundant whether or not the coefficients are all positive 
(i.e. whether or not the system is stable). For on expanding 
the two test determinants, which we will call B, and Bb), 
where B, is the one of lower order, they will be found to 
satisfy : 


(B,/a3)? = 22Tapaz + 2a} — Yayaza,)? + 54a,B, (1) 


If B, is positive, the right-hand side of equation (1) is positive 
(remember that a, is always positive) and hence so is the 
left-hand side. Therefore when B, is positive, B, is also 
necessarily positive. 

No such simplification is possible for fourth-order equa- 
tions, even when the coefficients are all positive. Thus the 
following characteristic equations demonstrate that it is 
always necessary to examine the signs of B,; and B, as well 
as that of B. 

First: 


18p + 10 =0 (2) 


the roots of which are —1 + jand —2 + j, so that the system 
is stable but not aperiodic. Evaluation of the test deter- 
minants yields: 


B, = — 12, By = + 48, B, = + 400 


* Muir, T. Treatise on Determinants, p. 70 (London: 
Macmillan and Co. Ltd., 1882). 
AITKEN, A. C. Determinants and Matrices, 7th ed., p. 45 


(Edinburgh: Oliver and Boyd, 1951). 
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Second: 


p* + 10p3 + 35p? + S0p + 34 =0 


the roots of which are —t + j and —4 + j, so that again thee 
system is stable but not aperiodic. The test determinants. 
turn out to be: ; 


— + 20, By = — 720, B; = + 219, 024 4 


The a that the presence or absence of complex roots 
depends on the signs of three functions of the coefficients. 
for fourth-order equations, and on the sign of only one | 
function for third-order equations, agree with the usual text 
book treatments.“ i 

It is indeed possible to give a routine, analogous to thet 
Routh tabulation procedure, for finding if a system is ba 
aperiodic and stable. The derivation may be briefly outline 


as follows. From the characteristic equation of the system, 4 
fp) = 06 ap + aap? a a (4) 9 
let us form a new equation: a 


g(p) =f (pb?) + pf’ (p?) = O 


which we may regard as the characteristic equation of some 
fictitious system. If the original system is both stable an 
aperiodic the roots of f(p) =0 are all real and ean 
This implies that the roots of f(p) = 0 are also all real and | 
negative, and further that they interlace those of f(p) = Of 
(Rolle’s theorem), Hence the zeros of the even part, 


imaginary and interlaced. But for this to be true, it is 
necessary and sufficient that the fictitious system repre 
by g(p) = 0 should be stable (see Routh, Hurwitz, (3) 
Guillemin™), i.e. that the equation: 4 


ap + ap? 4 anp* + 3a;p? +... 
. + na,p?r-! + a,p*7 =0 


should satisfy the Routh or Hurwitz criteria. Thus applic 
tion of the Routh criteria directly to equation (6) gives thes 


ee | 


2ayp? } 


represents a stable-aperiodic system. 
By way of example, the tabulation for equation (2) abou 3 
yields for the first four rows: ‘g 


1 6 15 18 10 
4 18 30 18 
6 30 54 40 
—12 =36 —52 
The negative value in the first column shows that the system 1 
is not both stable and aperiodic. x 


On applying instead the Hurwitz criteria to equation (6), to | 
test for aperiodic stability, we obtain a set of 2n determinantal 
inequalities. Comparison with the corresponding result 
given in my paper shows that half of these are in practice | 
superfluous, since they may be replaced by the much simpler 
requirement that the coefficients should all be positive. i 

The analogy between the criteria for combined aperiodicity y 
and stability and those for stability stimulates the conjecture 
that half the latter are similarly superfluous; i.e. that the 
sequence comprising every alternate member, beginning 


Hy, > 0, Hy 52 Os Deere (a 
VoL. 6, DECEMBER 1955 — 


Aa 
ivy 3 


f the Hurwitz. stability criteria, may be replaced by the 
bimpler sequence: 


4) > 0, a > 0,4, >0,...a,.,>0 (8) 


This hypothesis is certainly valid (and easy to check) for 
ystems of orders up to the fourth, these corresponding to 
the low-order equations referred to by Mr. Macmillan. To 
rove it for a fifth-order equation, note that for the latter: 


a,H>H, = aya,H? + HAs atl, (9) 


uperfluous since, as Hurwitz pointed out, H,, equals a9H,,_, 
nd may therefore be replaced by do in his criteria.) 

Finally, may I take this opportunity of drawing attention 
‘Oo earlier Russian work which unfortunately escaped my 
hotice until very recently. Jn 1945, Meerov©) derived the 
principal result of my paper using a different and longer 
method. However, his criteria for combined stability and 
‘periodicity include the n superfluous determinants mentioned 
pbove. Also Bloch has given for aperiodic systems a 
agram somewhat analogous to the Nyquist diagram. 


bepartment of Engineering, A. T. FULLER 


oe of Cambridge. 
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The flexural vibrations of an end-loaded vertical strip 


in a recent paper by Hearmon and Adams, published on 
». 280 of the August issue of this Journal, theoretical and 
'xperimental results were presented for the flexural vibrations 
of a vertical elastic strip clamped at its upper end and carrying 
i load at its free end. 

| The Rayleigh method of assuming a deflected shape for 
Ihe strip and then equating maximum potential energy (due 
0 flexure and gravity) and kinetic energy was used to give a 
requency equation and favourable agreement was found 
»etween calculated and observed results. However, due to 
he implied constraints in this method an over-estimate of 
ihe frequency was given, even when the Rayleigh—Ritz method, 
vith its greatly increased arithmetic, was employed. An 
ternative method of improving the accuracy of the frequency 
quation is to obtain, in addition to the already found upper 
imit to the frequency, a lower limit to the frequency. This 
aay be done by means of a theorem due to Southwell.* 


8 Aves: H., and SouTHWELL, R. V. Proc. Roy. Soc. A, 99, 
. 272 (1921); SourHweELL, R. V. Theory of Elasticity, p. 478. 
iondon: Oxford University Press, 1941). 
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Correspondence 


If the strip, of length / and flexural rigidity EI, is considered 
as mass-less and carrying a concentrated mass m at its free 
end, then if y is the actual deflected shape of the strip, the 
circular frequency w is given’ by 


; ] 1 
EI | (d2y/dx?)dx + mg | (dy/dx)2dx 
0 


g (1) 


w2 = 


myY2 


where Y is the maximum deflexion at the free end. 
Hearmon and Adams assumed a deflexion curve, 


Y, = kGBlx2 — x3) (2) 
and consequently obtained an upper bound to the frequency 
wt =(s/DGr + 1-2) > w? (3) 


where r = El/mgl2 
Now if only the bending restoring force were present, the 
exact circular frequency w, would be given by 


I 


EI i (d2y p/dx?)2dx 
mh 0 3EI 
os mY? ie 


(4) 


and if only the gravity restoring force were present the 
system would be a simple pendulum with a circular frequency — 


I 
me | (dyg/dx)*dx 
0 


ppb as 
w 
G 2 
mY é 


ee 
(3) 


Then, since y is the deflected shape with both restoring 
forces present, 
i 
EI | (d2y/dx?)2dx 
0 
myY2 


1 


mg | (dy/dx)*dx 
0 


and 
myY2 


> WE 


> we 


so that from equation (1) a lower limit to the frequency is 
w? > wR + wé = (8/)Gr + I) (6) 
Vr + 1:2) > w/(Ug) > Gr + I (7) 


For large values of r both limits coincide whilst for 
extremely small values of r the frequency will tend to the 
lower limit, and it would seem that a reasonable estimate of 
the frequency for moderately small values of r could be 
obtained from the mean, 


wvV/ (Ug) = Br + 1:1) (8) 


In practice the mass of the strip and rotatory inertia of the 
load cannot be- neglected, but can be allowed for by an 
appropriate modification to the value of m and hence r. 

In the table below some of Hearmon’s and Adams’s 
experimental results are compared with values from 
equation (8) and it will be seen that for the metals the 
agreement is excellent. The observed results for the box- 
wood strip, however, exceed the calculated upper bound 
when carrying a light load and whilst the agreement is fair, 
it would seem that the analysis could be further modified 
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Thus 


Correspondence 


with perhaps allowance for non-linear behaviour of the 
material. 


Values of observed wx/(I/g) compared with \/r + 1-1), 
equation (8) 


i wr/ (Ig) AVA Claret tan 0) 
observed 
(i) Mild steel, 1 = 40 cm 
1-209 Dene: 
0:3389 1-45 1-45 
0-1810 1-28 1-28 
(ii) Brass, 1 = 50cm 
2-863 3-08 Berl 
0:8356 1-90 1-90 
0-4942 1-62 1-61 
(iii) Boxwood, | = 40 cm 
2-402 2:94 2-88 
0: 6624 1379 1-76 
0-3883 1253 1-50 


Department of Civil and J. P. ELLINGTON 
Mechanical Engineering, 


University of Nottingham. 


The orientation of fibres in an electric field 


It may be of interest to remark that Mr. Isard’s paper, 
published on p. 176 of the May issue of this Journal, refers to 
one of the longest-known effects of the electric field. Quanti- 
tative use was made of dielectric ellipsoids, and sometimes 
cylinders, for the measurement of permittivity, later dielectric 
loss also, from the end of the last century. The late Professor 
Thornton, who secured moderate accuracy with dielectric 
ellipsoids, developed the use of the conducting ellipsoid for 
the absolute measurement of field-strength and potential 
difference. Only very recent electrostatic instruments have 
equalled or surpassed the level of absolute accuracy which he 
achieved. 
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In a non-uniform field dielectric or conducting fibres. 
attracted to the strongest parts of the field and alined in. 
direction so as to form bridges. Hirobe, early in the pres 
century, showed that with moisture present, conductivity h 
the greatest influence in the behaviour of fibres in insulatir 
liquids, which led to his theory of their breakdown. _ 
In some circumstances a field normal to the surface 
separation between a liquid and solid can induce a surf. 
polarization. This concept is easier to apply than that of 
distortion of an existing double layer, which is intrinsica 
rather difficult to define. 


The Electrical Research Association, S. WHITEHEAD 


Perivale, Greenford, 
Middlesex. 


In his paper Mr. Isard describes an apparatus for orient 
fibres in an electric field for the purpose of examining th 
in a microscope. I would like to point out that I have used 
the same principle in orienting wool fibres for the purpc Se 
of measuring their diameter. In this case, however, the fi 
was applied in a horizontal direction since it was desired 
have the fibre sections aline themselves in this direction. 

investigated only a few liquids in which to suspend the fib: 
and abandoned the search as soon as one (amyl acetate) was 
found satisfactory for our purpose. The idea was presente: 
at a meeting of the technical committee of the Internatioi 
Wool Textile Organization in Paris in 1947 and was report 
in the Proceedings of the Committee. It was published late: 


National Research Council, 
Ottawa. 


- * Larosz, P. J. Text. Inst., 42, p. 104 (1951). 


Unfortunately at the time of publication of my paper I w 
unaware of the paper by P. Larose or of his method of usi 
an electric field to orient fibres under the microscope. 
paper was chiefly concerned with the theory of this effe 
but for some applications the method used might pro 
advantageous in that the fibres are alined perpendicular 
the focal plane, thus revealing the shape of cross-secti 
It is also possible to examine the same fibre in both verti 
and horizontal positions. 


Department of Glass Technology, 
University of Sheffield. Sy 


NEW BOOKS PUBLISHED BY 
Monographs for Students Series 


(fluidity. By H. L. Penman, Ph.D., Fnst.P. Pp. 71, 


rrors of observation and their treatment. By J. Toppina, 
Ph.D., F.Inst.P. Pp. 119. Price 5s. each. 


phe Monographs for Students Series is intended for general 
feading by students such as those in the first two years of a 
Hearee course in either science or engineering or for those 
fieading for Higher National Certificates. 
. Dr. Penman’s monograph summarizes concisely the 
undamentals of the subject and outlines many methods of 
faeasuring and controlling humidity. 
| In his preface Dr. Topping says: “Every teacher of experi- 
faental physics knows how ‘results’ given to three or four 
ecimal places are often in error in the first place; students 
Laffer from ‘delusions of accuracy.’ At a higher level too, 
ore experienced workers sometimes claim a degree of 
gpccuracy which cannot be justified. Perhaps a consideration 
§ Ff the topics discussed in this monograph will stimulate in 
#udents an attitude to experimental results at once more 


Both monographs contain references and bibliographies for 
prose readers who wish to pursue the subjects further. 


elected meteorological papers of Sir Napier Shaw, F.R.S. 
(London: Macdonald and Co. (Publishers) Ltd., 1955.) 
Pp. 275. Price 50s. 


ia the year 1900, at the age of 45, Napier Shaw left a senior 
osition in the Cavendish Laboratory to take charge of the 
‘ny Meteorological Office of the day. He resigned his charge 
#/n 1920 and in the next 10 years produced the four volumes 
of his Manual of Meteorology. He died in 1945. His writings 
vere voluminous—by modern standards often repellently so; 
Wnis influence on meteorology in Britain incalculable. He 
Wound it a subject little regarded by men of science and 
Wittracted to it such talents as those of E. Gold, L. F. Richard- 
jon, G. I. Taylor and H. Jeffreys. The present volume, 
Hpublished by his trustees at his own wish, contains only a 
Himall fraction of his writings, but includes the great Life 
(Zistory of Surface Air Currents, which occupies, with all its 
wiharts, 120 pages. No self respecting librarian will neglect 
Whe opportunity to secure this classic, first published in a very 
Wiimited edition years before its time, and here beautifully 
teproduced. G. D. RoBINSON 


: i\bstracts of the literature on semiconducting and luminescent 
materials and their applications. Compiled by Battelle 
Memorial Institute. (London: Chapman and Hall, Ltd., 
1955.) Pp. x + 169. Price 40s. \ 

The volume contains 775 abstracts of literature published 
uring 1953 in the field of semiconduction and luminescence 
ogether with author and subject indices. The contents are 
irranged with respect to the materials involved. The latter 
mclude germanium, silicon, carbon and diamond, boron, 
ey tin, antimony and phosphorus, selenium and tellurium, 
lelenides and tellurides, antimonides and other intermetallic 
tompounds, borides, carbides, nitrides and silicides, oxides, 
phosphates, silicates, sulphides, halides and organic com- 
h Two other sections deal with luminescence and with 
‘emiconductor theory. In many cases only title and reference 
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THE INSTITUTE OF PHYSICS 
Physics in Industry Series 


Physics of fibres. By H. J. Woops, M.A., F.Inst.P. Pp. 100. 
Price 30s. 

This latest addition to the Physics in Industry Series of 
monographs has been written as an introduction to the 
subject of fibres for scientists commencing research and 
development work in this field. The author has also had in 
mind those scientists whose interests are in other fields, but 
who may wish to learn something about the ways in which 
physics has helped in advancing our knowledge of fibres. 
Throughout this book the emphasis is on the natural rather 
than the man-made fibres; the author considers that anyone 
who knows something about cellulose and keratin should 
find little difficulty with other fibres. The headings of the 
chapters are: Fibre structure in general; The dimensions, 
form, and general physical properties of fibres; X-ray 
diffraction investigations; Optical properties; Elastic pro- 
perties; Electron microscopy of fibres. 

A bibliography and fairly full list of references have been 
provided for those who wish to pursue the subject further. — 


OTHER NEW BOOKS 


are given to a paper but the abstracts do include those of 
publications appearing in other than readily available journals, 
such as private reports, conference proceedings and patent 
applications. The references are fairly exhaustive with 
respect to the publications during 1953 but, having regard 
to the speed of publication and journal coverage of Science 
Abstracts, one is lead to question the value of this present 
compendium since it appears so long after the publication of 
the papers to which it refers. However, workers in the fields 
included will find it useful to have a separate volume of 
abstracts for each year’s gamut of solid state material. One 
may hope that the time lag between the year of issue of the 
papers and the appearance of such collections of abstracts 
will be markedly decreased in the future. 
G. F. J. GARLICK 


Linear feedback analysis. By J. G. THOMASON. (London: 
Pergamon Press Ltd., 1955.) Pp. x + 355. Price 55s. 


This book is intended by the author to provide an analytical 
background for the young science graduate working in 
electronic circuit development. It refers particularly to 
negative feedback circuits and no previous knowledge of 
feedback principles is assumed. The first three chapters are 
devoted to basic principles of circuit analysis and the Laplace 
transformation with illustrations of its use. Then follow 
chapters on feedback circuits, feedback stability considera- 
tions and design methods for ensuring stability. The final 
three chapters give illustrations of practical circuit designs. 
including amplifiers, feedback integrators and differentiators 
and stabilized power supplies, with analyses of their behaviour. 
Where various approaches to a problem are given, the results 
are compared and correlated. 

The material is presented clearly and comprehensively and 
the book will be a useful text for circuit development workers. 
Those outside this field who require an easily read survey of 
the methods are advised to turn to some slimmer volume. 

R. D. NIxon 
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Elections to The Institute of Physics 


The following elections have been made by the Board of 
The Institute of Physics: 

Fellows: R. G. Allen, C. J. Brown, A. E. Calnan, R. F. 
Farr, A. S. Gladwin, W. J. Harris, A. W. Norris, R. F. Y. 
Randall, J. K. Robertson, G. L. Rogers, N. Thompson. 

Associateship: R. E. Bentley, H. A. Bernstein, P. J. Black, 
R, W. Fearn, J. H. Haywood, D. Houseman, J. R. Kirkman, 
Peebe Liley, AceP: Lloyd, C.9 Mack.) G..Gs Miller, 2A FE: 
Moore, R. D. Moore, W. G. Pryce, J. H. Rayner, E. J. 
Robbins, L. M. Roberts, M. Roy. E. Sheldon, R. F. Youell. 

Thirty-eight Graduates, forty-seven Students, and two 
Subscribers were also elected. 


Notes for prospective authors 


Authors preparing contributions for submission to this 
Journal are invited to make use of the guidance available 
in a 32-page booklet entitled Notes on the preparation of 
contributions to the Institute’s Journals and other publications. 
It is intended to assist less-experienced authors and to serve 
as a reference booklet for all who wish to contribute to the 
Institute’s publications. It gives hints on the preparation of 
scripts and diagrams, on the lay-out of mathematics for the 
printer, the correction of proofs and so on. In addition to a 
short bibliography of reference books and works on technical 
writing, there are lists of the spellings, symbols and abbrevia- 
tions used by the Institute. These conform with British 
Standard 1991, Part 1: 1954: Letter symbols, signs and 
abbreviations, Part 1, General, which authors of mathe- 
matical papers are also advised to consult. 

Copies of the booklet may be obtained from The Institute 
of Physics for 2s. 6d. (including postage). 


British Standards Institution 


The annual report of the British Standards Institution for 
the year ended 31 March, 1955, has just been issued and again 
records continued growth in its activities. Nearly 900000 
copies of British Standards were sold during the year and 
4000 Committee Meetings were held! There are 8300 
subscribing members of the institution drawn from com- 
mercial firms, trade associations and professionak* bodies. 
Two interesting developments are the growth in the number 
of codes of practice which have been issued and in the 
amount of international and oversea work in which the 
institution participates. 

The many subjects covered by new and _ prospective 
standards include the following: laboratory furniture, 
components for telecommunications, glossaries of specialized 
terms in various fields, graphical symbols for instruments, 
graduation of instrument scales, barometer conventions, 
letter symbols and abbreviations, conversion factors and 
tables, statistical methods. 


THIS JOURNAL is produced monthly by The Institute of Physics, in London. 


All rights reserved. Responsibility for the statements contained herein attaches 
EDITORIAL MATTER. Communications concerning editorial matter should be addressed to the Editor, The Institute of Physics, 


London, S.W.1. (Telephone: Sloane 9806.) 
butions. (Price 2s. 6d. including postage.) 


REPRODUCTION. The Institute of Physics is a signatory to The Royal Society’s Fair Copying Declaration. 


from The Royal Society, London, W.1. 


ADVERTISEMENTS. Communications concerning advertisements should be addressed to the agents, Messrs. Walter Judd Ltd., 47 Gresham Street, London, : 


E.C.2. (Telephone: Monarch 7644.) 


CLAIMS FOR MISSING JOURNALS. Claims from regular subscribers to this Journal for missing numbers will only be considered if received within 60 — 
days of the date of mailing plus normal outward time of transit and time for lodging the claim. 


or to similar omissions will not be considered. 


SUBSCRIPTION RATES. A new volume commences each January. 
advance. 


of Physics, 47 Belgrave Square, London, S.W.1, or to any bookseller. 


BRITISH JOURNAL OF APPLIED PHYSICS 


only to the writers. 


Prospective authors are invited to prepare their scripts in accordance with the Notes on the preparation of contri- 


I y The charge is £4 per volume ($11.50 U.S.A.), including index (post paid), payable in 
Single parts, so far as available, may be purchased at 8s, each ($1.15 U.S.A.), post paid, cash with order. Orders should be sent to The Institute 


454 


comments 


Frontiers in physical optics 
A symposium on-the frontiers of physical optics will be 
held in Cambridge, Massachusetts, from 28 March to 3 Ap 
1956. The sponsors are: International Commission f 
Optics, International Union of Pure and Applied Physics 
National Academy of Sciences, National Research Counci 
of the U.S.A., National Science Foundation of the U.S 
American Academy of Arts and Sciences, American Optical ¥) 
Society. Be || 
Four days will be allocated to the symposium in which the 
main subjects for discussion will be new phase contrast and 
interference microscopic and measuring devices; thin films 
and filters; meteorological optics; nuclear optics. One di 
will be allocated to the 1956 Meeting of the Internation 
Commission for Optics and one day will be set aside f 
organized visits to university and industrial laboratories — 
the Boston-Cambridge area. Invitations will be issued | 
the U.S.A. National Committee to experts in varior 
countries to present main papers on each of above-not 
subjects and perhaps prepared discussion also. It is, howev 
the intention to leave ample time for free discussion. 
Further particulars can be obtained from Dr. S: S. Ballar 
Visibility Laboratory, Scripps Institution of Oceanography, 
University of California, San Diego 52, California, U.S.A. 
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Journal of Scientific Instruments 


Contents of the December issue 
ORIGINAL CONTRIBUTIONS 
Papers 
An automatic recording microdensitometer. By W. A. Wooster. 
An optical semi-scaler. By D. W. Hoyte. 
A new magnetic flux probe. By J. E. Parton and G. D. Stairmand. 
A microbeam back-reflexion X-ray camera. By D. Lewis. 
Equipment for the vectorial display of alternating voltages in the frequency ran, 
5-215 kc/s. By E. C. Pyatt. 
Slit drives for single-beam, infra-red spectrometers. By E. L. Blount and A. R./ 
Cole. 4 
An extension of Noar’s method of calibrating plates for spectrophotometry. 
A. H. Gabriel and D. W. O. Heddle. 
The measurement of specimen temperature in a high temperature X-ray powd 
camera. By R.S. Pease. 
A simple equipment for solving potential and other field problems. By C. T. 
Murray and D. L. Hollway. ; 


Laboratory and workshop notes - 7 
The measurement of small changes in dielectric constant by means of a cay: 
wavemeter. By E. S. Hotston and J. E. Houldin. My 
Magnetic coupling for a kinematic slide. By B. G. Cragg. 
A valve for regulating differential pressures at small gas flows. By D. Anson. 
Protective cover for a stop watch. By P. E. Watson. ; 
Silver-palladium thermocouples. By C. R. Barber and L. H. Pemberton. 
Marker fringes. By W. Thomson. 
Non-sticking float-valve for vacuum systems. By H. H. Neville. : 
Preparation of tungsten apparatus for high temperature research. By J. 
Mackenzie, J. A. Kitchener, and J. O’M. Bockris. ; 
A simple and robust aspirator for flue-gas sampling. By C. H. Buck. ia 
Electrode for measuring the conductivities of solutions at low pressures. By R. 
Braun. 


Tool for removing the objective aperture from a type E.M.3 electron microscop 
By J. Betts and P. B. Hosier. 


NOTES AND NEWS 
New books 
New instruments, materials and tools 
Manufacturers’ publications 
Notes and comments 


It deals with all branches of applied physics (including theory and technique). 
47 Belgrave Square, 


Details may be obtained upon application — 
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